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Abstract 

Pipe l ined register f i les are a nove l f o rm of p rocesso r s to rage f o u n d , for examp le , in t he 
L ink and In te rconnec t i on Ch ip (LINO) d e s i g n e d at CMU. The WarpJ r p rocesso r uses the 
L 'NC p ipe l ined register f i les as a ma jo r part of its i n te rmed ia te s to rage capab i l i t y . T h e 
p rocessor is a m i c r o c o J e d m a c h i n e that con ta i ns many resources that mus t be m a n a g e d 
in every m i c ro i ns t r uc t i on , s u c h as a f loa t ing po in t a r i thmet ic unit , a da ta memory , L INC 
p ipe l ined register f i les for severa l date-paths, and the LINC c rossba r sw i t ch for rou t i ng 
da ta be tween da tapa ths . Past e x p e r i e n c e w i th p r o g r a m m i n g s u c h m a c h i n e s has s h o w n 
the benef i t s tha t can be ach ieved f r o m m a n a g i n g t hese resources w i th a comp i le r . 

W e c o n c e n t r a t e on the c o d e gene ra to r fo r t he W a r p J r p rocessor , w h i c h manages all the 
low- level r esou rces in the p r o c e s s o r and a t tempts to genera te ef f ic ient m i c r o c o d e 
qu ick ly . The p r o b l e m s t h e c o d e g e n e r a t o r mus t so lve are re la ted to ef fect ive ly ut i l iz ing 
the capab i l i t ies of the in te rmed ia te s to rage in the p rocessor , namely the p ipe l ined reg is ter 
f i les. Based on a set of b e n c h m a r k p r o g r a m s , w e p resen t emp i r i ca l da ta to demons t ra te 
that w e have ach ieved a sa t i s fac to ry so lu t i on to al l these p rob lems , and can genera te 
h igh qua i i ty m i c r o c o d e tha t e f fec t ive ly uses the p ipe l i ned regis ter f i les in the WarpJ r 
p rocesso r . 

The research was s u p p o r t e d in par t by De fense A d v a n c e d Resea rch Pro jec ts A g e n c y (DOD) 
m o n i t o r e d by the Air Fo rce Av ion ics Labo ra to r y u n d e r Con t rac t F33615-81-K-1539, and Naval 
E lec t ron ic Sys tems C o m m a n d unde r C o n t r a c t N00039-85-C-0134 , a n d in part by the Of f ice of Naval 
Research unde r Con t rac t N00014 -80 .0 -0226 . NR 048-659. The a u t h o r was a lso s u p p o r t e d by a g ran t 
f rom the Genera l E lec t r ic Research a n d Deve lopmen t Center . 
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1 . Introduction 
T h e avai labi l i ty of VLSI imp lemen ta t i on to un ivers i t ies and resea rch labora to r ies has fos tered 

expe r imen ta t i on w i th new p rocesso r a rch i t ec tu res , and s o m e of these a rch i t ec tu res e m p l o y nove l 

s c h e m e s to imp lemen t s to rage . P ipe l ined regis ter f i les are an examp le of a nove l s to rage s t ruc tu re . A 

p ipe l ined reg is ter fi le is s imi lar to a q u e u e that a l l ows read -access to all e lements . Only the tai l 

reg is ter of t he q u e u e c a n be wr i t t en , and wr i te ope ra t i ons have a s ide-e f fec t on all reg is ters . A wr i te 

ope ra t i on sh i f ts t he c o n t e n t s of all reg is ters t o w a r d s the head of the q u e u e (and the reby overwr i tes 

the o ld va lue of t he head regis ter) . P ipe l ined regis ter f i les are used in c u s t o m VLSI a rch i t ec tu res or 

ava i lab le as of f - the-shel f c o m p o n e n t s . 

Al l p rocesso r a r ch i t ec tu res con ta i n loca l or t e m p o r a r y s to rage in t h e f o rm of bu f fe rs , reg is ters , 

q u e u e s , or la tches. Expe r i ence w i th comp i l a t i on of h igh- leve l l a n g u a g e p r o g r a m s for s u c h 

p rocesso rs has s h o w n the benef i t s tha t can be ach ieved f r om m a n a g i n g those resou rces w i th a 

comp i l e r . 

In th is paper , w e d i scuss the impac t of p ipe l ined reg is ter f i les on comp i l a t i on for the W a r p J r 

p rocesso r (and on c o d e gene ra t i on in par t i cu la r ) . The W a r p J r p rocesso r is an imp lemen ta t i on of t he 

W a r p p rocesso r a r ch i t ec tu re des igned at C M U [4 ] , so it is d e s i g n e d to be a c o m p o n e n t of a sys to l ic 

ar ray. W e present a lgo r i thms , a long w i th thei r observed p e r f o r m a n c e charac te r i s t i cs , to c o m p i l e 

e f f ic ient m i c r o c o d e for t he p rocessor . 

P ipe l ined reg is ter f i les a re an a t t rac t ive imp lemen ta t i on of t e m p o r a r y or loca l s to rage . S ince there is 

on ly o n e loca t ion that can be the des t i na t i on of a wr i te -access , a p ipe l i ned reg is ter f i le needs less 

con t ro l c i r cu i t r y t han a conven t i ona l g e n e r a l - p u r p o s e reg is ter f i le. Th is a l lows c o m p a c t layouts and 

resu l ts in s ign i f i can t s p a c e sav ings . O n t he o ther h a n d , p ipe l ined reg is ter f i les d o not have the 

d i sadvan tages of (str ict) queues , w h i c h on ly suppo r t r ead -access to a s ing le l oca t i on . P ipe l ined 

reg is ter f i les a l low r a n d o m access to all e lemen ts in the f i le. 

Mos t of the d i f f i cu l t tasks invo lved in c o m p i l i n g c o d e fo r the W a r p J r p rocesso r are a d i rec t 

c o n s e q u e n c e of t he p r e s e n c e of p ipe l i ned reg is ter f i les. P ipe l ined reg is ter f i les d e m a n d add i t i ona l 

s u p p o r t f r om a l a n g u a g e t rans la tor . A va lue rema ins in the register f i le on ly for a f in i te n u m b e r of 

cyc les . Each wr i t e -access to the the reg is ter f i le sh i f ts t he va lue o n e mo re pos i t ion t o w a r d s the head , 

a n d af ter a f i xed n u m b e r of w r i t e -accesses t he va lue is lost. That is, the l i fe t ime of a va lue in a reg is ter 

is not con t ro l l ed exp l ic i t ly by the c o m p i l e r (as in a c o n v e n t i o n a l reg is ter f i le), bu t is con t ro l l ed 

impl ic i t ly by the n u m b e r of wr i te ope ra t i ons to the reg is ter f i le. As a c o n s e q u e n c e , the o rder of 

i ns t ruc t ion eva lua t ion is impor tan t ; the comp i l e r mus t a t temp t to reuse o p e r a n d s wh i le they are sti l l in 
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the reg is ter f i le. 

The paper f irst g ives an overv iew of the W a r p J r p rocesso r a rch i tec tu re . T h t n w e d i scuss the LINC 

a rch i t ec tu re and the p rob lems that a re c rea ted by its capab i l i t ies . A c o m p l e t e t rea tmen t of the c o d e 

gene ra t i on p rob lems e n c o u n t e r e d a n d the a lgo r i t hms used to so lve t hem fo l lows. W e present our 

emp i r i ca l da ta on the p e r f o r m a n c e of the c o d e genera to r , and then shi f t our a t ten t ion to c o m p a c t i n g 

the LINC m i c r o c o d e . Final ly, w e d i scuss severa l issues re la ted to in teg ra t ing the WarpJ r p rocesso r 

into a c o m p l e t e c o m p u t e r sys tem and f in ish by p resen t ing our c o n c l u s i o n s on the impac t of p ipe l ined 

regis ter f i les on c o m p i l a t i o n . 

2. WarpJr architecture 
T h e W a r p J r p rocesso r is an imp lemen ta t i on of the W a r p p rocesso r a r ch i t ec tu re [4] that has been 

d e s i g n e d at C M U . As in W a r p , t he p rocesso r is d e s i g n e d to be a c o m p u t a t i o n a l e lement in a systo l ic 

array. W e ca l l t he p rocesso r W a r p J r to sugges t tha t it is a smal l , fast imp lemen ta t i on of t he W a r p 

a rch i t ec tu re . T h e p rocesso r a r ch i t ec tu re a t tempts to great ly r e d u c e the c h i p c o u n t of t he or ig ina l 

W a r p p rocesso r and is cen te red a r o u n d t he L ink and I n te r connec t i on Ch ip (LINC), a c u s t o m VLSI 

c h i p d e s i g n e d at C M U . 

A ma jo r goa l of t he des ign p ro jec t is to invest igate the e f fec t i veness of L INC in a Warp-s ty le 

a r ch i t ec tu re , by p rov id ing a smal l , re l iab le imp lemen ta t i on of s u c h an a rch i t ec tu re . The da tapa th of 

the p rocesso r cons is ts of a f loat ing po in t a r i thmet ic uni t , 4 cop ies of L INC and a loca l da ta memory . 

Each inpu t to the A L U is supp l i ed w i th o p e r a n d s f rom one LINC p ipe l ined reg is ter f i le, and the resul ts 

f rom the A L U are fed back into the L INC to be sw i t ched to any des i red da tapa th in the p rocessor , 

i nc lud ing e i ther i npu t to the A L U . T h e r e are two ma jo r da tapa ths f l ow ing t h r o u g h the p rocessor , 

ca l led X and Y, in add i t i on to the add ress and systo l ic con t r o l c o d e pa ths . A b l ock d i ag ram of t he 

da tapa th of the W a r p J r p rocesso r is s h o w n in F igure 2 - 1 . A l t h o u g h t he w o r d s ize of t he p rocesso r is 

32 b i ts , mos t phys ica l da tapa ths in W a r p J r a t e 16 b i ts w ide , so 32 bi t da ta t rans fe rs mus t be 

p e r f o r m e d in t w o c l o c k cyc les . 

T h e p rocesso r is s imi lar in des ign to t he W a r p p rocesso r , w i t h severa l impor tan t excep t i ons . T h e four 

c o p i e s of L INC [8 ] p rov ide all da tapa th con t ro l and in te rmed ia te s to rage in the p rocessor , rep lac ing 

bo th the reg is ter q u e u e s and t he PALs that imp lemen t the c rossba r in t he W a r p p rocessor . The L INC 

a rch i t ec tu re is desc r i bed in t he next s e c t i o n . A n o t h e r ma jo r d i f f e rence f r om the W a r p p rocesso r is 

that t he f loa t ing po in t p rocesso r in W a r p J r is a s ing le ADSP-3220 [3 ] , w h i c h pe r f o rms a f loa t ing po in t 

(or in teger ) A L U ope ra t i on in o n e c l o c k cyc l e of app rox ima te l y 100ns. The re fo re , da ta p ipe l in ing in a 

W a r p J r p rocesso r c o m e s f r om the t w o s tage p ipe l ine in L INC, no t f r o m the f loa t ing po in t uni t . T h e 
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F i g u re 2 - 1 : W a r p J r Da tapa th 

W a r p p rocesso r con ta i ns the Wei tek f loa t ing po in t c h i p set [12 ] , cons i s t i ng o|f 

mu l t ip l ie r and a f loa t ing po in t A L U , each of w h i c h is used as a f ive s tage p ipe l ined , 

ch ip . T h e last ma jo r par t of the d a t a p a t h , w h i c h is the same in bo th p rocesso rs , 

d a t a m e m o r y . Th is exp la ins t he need for the add ress (ADR) pa th t h r o u g h the p rocesso r 

ma jo r d i f f e rence b e t w e e n the W a r p J r a n d W a r p p r o c e s s o r s is no t in the i r a r c h i l e c t u 

a m o u n t of h a r d w a r e requ i red to imp lemen t t h e m . A W a r p ce l l requ i res app rox ima te l y 

c o m p o n e n t s on a 1 5 " X 1 7 M b o a r d . On the o the r h a n d , a W a r p J r ce l l requ i res on|y 

m o u n t e d on a smal l 6 " x 9 " V M E b o a r d . 

Jus t as in a W a r p p rocesso r , a W a r p J r p rocesso r c o n t a i n s an A M 2 9 1 0 ser ies m i c rocon t ro l l e r [ 2 ] . 

However , in W a r p J r a m i c r o c o d e w o r d is on ly 40 b i ts , less t h a n 1 /3 the s ize of a m i c r o c o d e w o r d in 

W a r p . Th is is s l ight ly m is lead ing t h o u g h , b e c a u s e f ive b i ts of a W a r p J r m i c r o c o d e w o r d add ress a 6 4 

b i t L INC con t ro l pa t te rn ( the add ress is t h e s a m e fo r e a c h of t h e fou r c o p i e s of L INC in the p rocessor ) . 

T h e bes t way to t h i nk of the W a r p J r m i c r o c o d e is as a two- leve l m ic ros to re . T h e Icwer level cons i s t s 

of the in te rna l L INC c o n t r o l pa t te rns , and the uppe r level c o n t a i n s the ce l l m i c ros to re . Each 

ins t ruc t i on in the uppe r level i nc ludes an add ress for a L INC con t ro l pa t te rn . T h e W a r p J r wr i tab le 

c o n t r o l s to re con ta i ns 4K m i c r o c o d e w o r d s . These 4K W a r p J r m i c r o c o d e w o r d s and the 64 w o r d 

a f loa t ing po in t 

200ns c l o c k cyc le 

a 4 K x 3 2 bi t loca l 

. Overa l l , the 

re, bu t in t he 

250 c o m m e r c i a l 

abou t 75 ch ips , 
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con t ro l s to re on L INC p rov ide the ta rge t for our c o d e gene ra t i on e f for ts for the mach ine . For a more 

de ta i led desc r i p t i on of the WarpJ r p r o c e s s o r d e s i g n , i nc lud ing app l i ca t i on examp les , see the W a r p J r 

overv iew by N ish izawa [10 ] . 

Because the W a r p and W a r p J r p r o c e s s o r s a re s imi lar in so many ways , it seems reasonab le to 

a t tempt to sha re as m u c h w o r k as poss ib le in des i gn i ng comp i l e r s for t he mach ines . By the t ime 

W a r p J r had been d e s i g n e d , m u c h w o r k had a l ready g o n e into des i gn i ng a h igh level l anguage (W2 

[6]) and bu i l d ing a c o m p i l e r for the W a r p p rocesso r (and t he ent i re sys to l ic a r ray mach ine to be bui l t 

w i th it). For tunate ly , t he c o m p i l e r had been d e s i g n e d to gene ra te i n te rmed ia te c o d e in a f o r m su i tab le 

for c o d e gene ra t i on for any p rocesso r w i th capab i l i t i es s imi lar to t hose of W a r p , i nc lud ing WarpJ r . 

The re fo re , w e d e c i d e d to use the W 2 c o m p i l e r for W a r p as a f ron t e n d for t he W a r p J r comp i l e r , and 

w o r k on gene ra t i ng m i c r o c o d e f rom the in te rmed ia te c o d e . Th is p r o v e d to be a g o o d dec i s i on , 

b e c a u s e w e w e r e ab le to bu i ld our c o m p i l e r in a reasonab le a m o u n t of t ime and co l l ec t s ta t is t ics on 

its p e r f o r m a n c e , par t i cu la r ly on the p e r f o r m a n c e of t he L INC p ipe l ined reg is ter f i les, w i t hou t g o i n g 

t h r o u g h the d i f f i cu l t ies of l anguage d e s i g n and bu i l d ing a n e w f ron t e n d for t he comp i le r . 

3. LINC architecture and problem areas 
Four cop ies of L INC p rov ide ail of t he da tapa th con t ro l and the in te rmed ia te s to rage capab i l i t y in t he 

W a r p J r p rocessor . L INC is a c u s t o m VLSI ch ip d e s i g n e d at C M U w h o s e so le f unc t i on is to serve as an 

ef f ic ient l ink b e t w e e n sys tem modu les , l ike t he ones in WarpJ r . L INC a l lows sys tem func t i ona l 

e lemen ts to c o m m u n i c a t e w i th each o the r t h r o u g h a c rossba r s w i t c h , a n d c a n buf fer each of its 

i npu ts in a FIFO or p r o g r a m m a b l e de lay and buf fer each of its ou tpu t s in a p ipe l ined reg is ter f i le. 

I n t e r connec t i on c o n f i g u r a t i o n and reg is ter access con t ro l are p e r f o r m e d by con t ro l pa t te rns s to red 

on t he ch ip , w h i c h a re add ressed ex terna l ly . In WarpJ r , t he L INC c o n t r o l pa t te rns are add ressed by 

the p rocesso r m i c r o c o d e . 

T h e c o m p l e t e L INC a r ch i t ec tu re is d i s c u s s e d by Hsu [8], bu t w e wi l l g ive a sho r t overv iew to p rov ide 

e n o u g h i n fo rma t i on to u n d e r s t a n d t he issues invo lved in comp i l a t i on for a p rocesso r c o n t a i n i n g 

L INCs. T h e nove l fea tu res of L INC i nc l ude the in teg ra t ion of s to rage and sw i t ch i ng on a s ing le c h i p 

and the p rov is ion of an o n - c h i p c o n t r o l s to re , b o t h of w h i c h p rov ide many in te res t ing poss ib i l i t ies fo r 

new c o m p u t e r a rch i t ec tu res . L INC has e igh t 4-b i t da tapa ths , cons i s t i ng of e igh t FPDs (FIFO a n d / o r 

p r o g r a m m a b l e de lays) , an 8 x 8 c rossba r a n d e igh t p ipe l i ned register f i les. T h e da tapa th is a t w o s tage 

p ipe l ine , so the re is a m i n i m u m de lay of t w o 100ns c l o c k cyc les b e f o r e an inpu t c a n appea r at an 

o u t p u t por t . A b lock d i a g r a m of L INC appea rs in F igure 3 - 1 . 

L INC has a d a t a bu f fe r at every i npu t por t , w h i c h c a n be c o n f i g u r e d as par t of one of t w o FIFOs (of 
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m a x i m u m d e p t h 31) or as a p r o g r a m m a b l e de lay of f r om 1 to 31 cyc les . The con f i gu ra t i on is s to red in 

t he d - c o d e regis ter d e p i c t e d in F igure 3 - 1 , and is i n tended to rema in s tab le d u r i n g p r o g r a m 

e x e c u t i o n . T h e FIFOs are con t ro l l ed by o f f -ch ip read and wr i te s igna ls , and s imi lar ly p rov ide o f f -ch ip 

s ta tus s igna ls (ful l and empty ) . Wh i le L INC can s u p p o r t two FIFOs, W a r p J r on ly p rov ides m i c r o c o d e 

c o n t r o l for o n e FIFO b e c a u s e each FIFO requ i res severa l b i ts of m i c r o c o d e every cyc le . In the de fau l t 

c o n f i g u r a t i o n for WarpJ r , all input bu f fe rs are c o n f i g u r e d as p r o g r a m m a b l e de lays of leng th one , 

excep t for t h e buf fer c o r r e s p o n d i n g to L INC input Gl (see F igure 2-1) w h i c h is a p r o g r a m m a b l e de lay 

of l eng th t w o . 

In WarpJ r , L INC input Gl can be used in c o n j u n c t i o n w i th inpu t El for send ing 32 bi t ALU ou tpu t s to 16 

b i t p r o c e s s o r ou tpu ts X or Y over t w o c l o c k cyc les . Th is is a c c o m p l i s h e d by f irst rou t ing the h igh-

o rde r b i ts f r om inpu t El t h r o u g h the c r o s s b a r to the des i red c rossba r o u t p u t and on the fo l l ow ing 

c l o c k cyc le rou t i ng the low-o rde r b i ts f r om input Gl to t he same ou tpu t . T h e add i t iona l de lay of o n e 

c y c l e t h r o u g h the p r o g r a m m a b l e de lay assoc ia ted w i th inpu t Gl a l l ows t h e h igh and low o rder par ts of 

a 32 bi t resul t to bo th be rou ted to the same c rossba r ou tpu t even t h o u g h the c rossba r can t ransmi t 

on ly o n e 16 bi t va lue to an ou tpu t in a s ing le c l o c k cyc le . 
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An 8 x 8 c rossba r c o n n e c t s the L INC input FPDs to the ou tpu t p ipe l ined regis ter f i les. The c rossba r is 

un id i rec t i ona l , a l l ow ing each ou tpu t por t to se lec t the input por t it w ishes to read on each cyc le . The 

des ign a l lows b r o a d c a s t i n g , s ince mu l t i p le ou tpu t porLs can read the same input por t on a g iven 

cyc le . C rossbar con t ro l is p rov ided by the con t ro l pa t te rn register , w h i c h is loaded f rom the con t ro l 

pa t te rn memory . 

Be tween the c rossba r and each L INC ou tpu t por t is a 14-deep p ipe l ined regis ter f i le. A p ipe l ined 

regis ter f i le is s imi lar to a q u e u e that a l l ows read access to all e lements . On ly the tai l reg is ter of the 

q u e u e can be wr i t t en , and wr i te ope ra t i ons have a s ide ef fect on all reg is ters . A wr i te ope ra t i on sh i f ts 

the c o n t e n t s of all reg is te rs t o w a r d s the head of the q u e u e , the reby ove rwr i t i ng the o ld va lue of the 

head register , as is s h o w n in F igure 3-2. 

NEW * 
A 

C
D

 

v \ NEW A C
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 c D A 

C
D

 C u A 

? 
NEW A 

C
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F i g u r e 3 - 2 : Wr i te ope ra t i on for p ipe l i ned reg is ter f i le 

A n o t h e r e x a m p l e of a p ipe l ined reg is ter f i le is the A M D 29520 reg is ter f i le, w h i c h has a d e p t h of two 

[2 ] . Any n u m b e r of t hese par ts can be c a s c a d e d to f o rm a p ipe l ined reg is ter f i le of the des i red d e p t h . 

T h e po lycyc l i c a r ch i t ec tu re des igned at ESL a lso i nco rpo ra tes a var ian t of p ipe l ined reg is ter f i les in its 

i n t e r c o n n e c t i o n e lemen ts [11 ] . 

Each L INC p ipe l ined reg is ter f i le uses o n e bi t in the c o n t r o l pa t te rn reg is ter t o d e c i d e w h e t h e r to wr i te 

the c u r r e n t c rossba r o u t p u t in to the reg is ter f i le . Each p ipe l ined reg is ter f i le ou tpu t is spec i f i ed by a 

fou r b i t f ie ld in the c o n t r o l pa t te rn reg is ter , and a lso se rves as a L INC o u t p u t por t . T h e f ie ld spec i f i es 

one of t he fou r teen p ipe l i ned reg is ter f i le s tages , t he c rossba r ou tpu t , or h i g h - i m p e d a n c e . The re fo re , 

L INC p rov ides a bypass mode for its p ipe l ined reg is ter f i les, b e c a u s e it is poss ib le to rou te a va lue 

d i rec t l y f r o m the inpu t po r t to the o u t p u t po r t of the reg is te r f i le. T h e bypass pa th imp lemen ts a " h o t 

s p o t " - t h e input is va l id fo r on ly one cyc l e . Of c o u r s e , it is poss ib le to use t he bypass pa th and w r i te 

the va lue in to the p ipe l i ned reg is ter f i le . 

T h e L INC con t ro l pa t te rn m e m o r y and con t ro l pa t te rn reg is ter d e t e r m i n e the ope ra t i on of t he c rossba r 

and p ipe l ined regis ter f i les. T h e m e m o r y c o n t a i n s 64-b i t c o n t r o l pa t te rns , c o n f i g u r e d in t w o banks of 
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32 w o r d s e a c h . Th is means that one bank can be loaded w i th new con t ro l pa t te rns wh i le t he o ther 

bank is con t ro l l i ng the sys tem da ta f low. The l imi ta t ions of 64 tota l con t ro l pa t te rns and the bank s ize 

of on ly 32 con t ro l pa t te rns are the s o u r c e of two of the p r o b l e m s w e must so lve in comp i l i ng p r o g r a m s 

for the W a r p J r p rocessor . T h e con t ro l pa t te rn memory requ i res a f ive bi t o f f -ch ip address , p rov ided in 

W a r p J r by the p rocesso r m i c r o c o d e , w h i c h se lec ts the con t ro l pat tern f rom the bank cu r ren t l y 

con t ro l l i ng t he ch ip . T h e con t ro l pa t te rn regis ter c o n t a i n s the pa t te rn add ressed in the p rev ious c l o c k 

cyc le and c o n t r o l s the LINC behav io r in the cu r ren t c l o c k cyc le . 

T h e w o r k p resen ted in the rest of the paper is main ly c o n c e r n e d w i th so lv ing the p rob lems p resen ted 

in us ing the L INC p ipe l ined reg is ter f i les ef fect ive ly . The re fo re , w e must just i fy th is ef for t by p rov id ing 

reasonab ly c o m p e l l i n g reasons for us ing p ipe l ined reg is ter f i les. A A-deep p ipe l ined regis ter f i le 

requ i res one bit of wr i te con t ro l and a l o g 2 k bi t read add ress every c o m p u t a t i o n cyc le . On the o ther 

h a n d , a A-deep genera l pu rpose reg is ter f i le requ i res two l o g 2 k add resses every cyc l e for bo th a read 

a n d a wr i te address . In L INC, the sav ings in con t ro l log ic w a s c ruc ia l to imp lemen t the des ign on a 

s ing le ch ip . S i nce L INC has e ight p ipe l i ned regis ter f i les, each fou r teen deep , w e save 24 bi ts of 

con t r o l every cyc le . T h e advan tages of p ipe l ined reg is ter f i les thus i nc lude requ i r ing less con t ro l 

pa t te rn memory , a lower con t ro l bus b a n d w i d t h , and a s imp le r con t ro l s t r uc tu re for the reg is ter cel l 

t han for a genera l pu rpose reg is ter f i le. Wh i le p ipe l ined regis ter f i les are not as power fu l as genera l 

p u r p o s e regis ter f i les, w e shal l see tha t it is poss ib le to ef f ic ient ly gene ra te g o o d m i c r o c o d e f rom a 

h igh level l a n g u a g e for a p rocesso r c o n t a i n i n g p ipe l ined reg is ter f i les (namely WarpJ r ) . 

Severa l ma jo r p r o b l e m s in c o m p i l i n g p r o g r a m s for t he W a r p J r p rocesso r are re la ted to us ing the 

capab i l i t i es of L INC. These p r o b l e m s i nc lude us ing the p ipe l ined reg is ter f i les ef f ic ient ly and dea l ing 

w i th the l imi ted s ize of the L INC con t ro l s to re . To use t h e p ipe l ined reg is ter f i les ef f ic ient ly , t he c o d e 

gene ra to r mus t use the p ipe l ined reg is ter f i le bypass m o d e as o f ten as poss ib le to m in im ize the 

n u m b e r of o p e r a n d s tha t must be wr i t ten in to the reg is ter f i les. M in im iz ing the n u m b e r of o p e r a n d s 

wr i t ten into the p ipe l ined reg is ter f i les a lso impl ies tha t w e need a g o o d a lgo r i t hm for ass ign ing 

o p e r a n d s to the A L U inpu t reg is ter f i les, b e c a u s e w e d o n ' t wan t to wr i te many ope rands into both A L U 

inpu t reg is ter f i les. Ano the r goa l of the c o d e genera to r is to m in im ize the n u m b e r of p ipe l ined reg is ter 

f i le ove r f l ows . A p ipe l ined regis ter f i le ove r f l ows if t he va lue lost d u r i n g a wr i te is n e e d e d by a 

s u b s e q u e n t c o m p u t a t i o n . T h e r e f o r e an ove r f l ow is an expens i ve event , requ i r i ng us to recyc le a 

va lue back in to t he p ipe l ined reg is ter f i le tha t ove r f l owed so tha t the c o m p u t a t i o n can be p e r f o r m e d . 

T h e s e c o n d ma jo r p r o b l e m in us ing L INC in W a r p J r is m in im iz ing t he n u m b e r of con t ro l pa t te rns tha t 

mus t be s to red in the L INC con t ro l memory . S ince t h e W a r p J r m i c ros to re c o n t a i n s many mo re 

m i c r o i n s t r u c t i o n s than d o e s the L INC c o n t r o l memory , w e mus t a t tempt to use a L INC con t ro l pa t te rn 
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for m o r e than one W a r p J r m i c r o i n s t r u c t i o n . T h e L INC con t ro l m e m o r y is pa r t i t i oned in to t w o banks , 

one of w h i c h can be loaded wh i le the o ther is con t ro l l i ng the sys tem da ta f l ow . The re fo re , the bas ic 

requ i remen t for m a n a g i n g the L INC con t ro l s to re is that n o W a r p J r p r o g r a m shou ld need mo re than 

32 LINC con t ro l pa t te rns in any g iven s e q u e n c e of m i c ro i ns t r uc t i ons ( the s e q u e n c e leng th is 

d e t e r m i n e d by h o w long it takes to load a bank of t he L INC con t ro l s to re w i th new con t ro l pa t terns) . 

More fo rma l s ta temen ts of the p ipe l ined reg is ter f i le p r o b l e m s and the L INC con t ro l s to re p rob lem, 

a long w i th the so lu t i ons w e have i m p l e m e n t e d for WarpJ r , a re p resen ted in later sec t i ons . 

L INC p ipe l ined reg is ter f i les have o n e impo r tan t add i t i ona l c o n s e q u e n c e in c o m p i l i n g p r o g r a m s for 

the W a r p J r p rocessor . The p ipe l ined reg is ter f i les m a k e it imposs ib le to pe r f o rm many g loba l 

op t im iza t ions d u r i n g c o d e gene ra t i on , b e c a u s e p ipe l ined reg is ter f i les d o not a l low exp l ic i t reg is ter 

a l l oca t i on . T h e ma jo r d i f f i cu l ty that p ipe l i ned reg is ter f i les i n t r o d u c e is tha t a va lue c a n n o t rema in in a 

f i xed loca t ion in the reg is ter f i le for an inde f in i te leng th of t ime . A wr i te to a p ipe l ined reg is ter f i le is 

not to a reg is ter c h o s e n by the p r o g r a m m e r , bu t is a lways to the tai l of t he reg is ter f i le. In a d d i t i o n , the 

va lue in the head reg is ter of the p ipe l ined reg is ter f i le is always lost by p e r f o r m i n g a wr i te o p e r a t i o n . 

The comp i l e r c a n n o t d o g loba l reg is ter a l l oca t i on , or many o ther g loba l op t im iza t ions tha t requ i re 

exp l ic i t con t r o l over reg is ters . Th is l im i ta t ion can be easi ly obse rved by l ook ing at p reserv ing va lues 

in p ipe l ined register f i les ac ross a bas ic b l ock that is t he body of a l oop . S ince the b l o c k c a n be 

e x e c u t e d many t imes (however many t imes t he loop i terates) , any wr i te to a p ipe l ined reg is ter f i le 

s c h e d u l e d for the b lock is d o n e mu l t ip le t imes, o n c e for each loop i te ra t ion , resu l t ing in the loss of 

va lues s to red d u r i n g p rev ious b l ocks in t h e p ipe l ined reg is ter f i le. A s imp le examp le of th is behav io r 

for a p ipe l ined reg is ter f i le (ca l led R) is s h o w n in F igure 3-3. 

s t o r e x i n t o R 
f o r i = 1 t o N do 

b e g i n 

. other statements in loop 

s t o r e a [ i ] i n t o R 
e n d 

r e a d x f r o m R 

F i g u re 3 - 3 : E x a m p l e of g loba l reg is ter a l l oca t i on p r o b l e m 

In t he examp le , the pos i t i on of x in t h e p ipe l i ned reg is ter f i le R for t he e x e c u t i o n of t he read d e p e n d s 

on N , t he n u m b e r of i te ra t ions of t he l oop . If N is g rea te r t h a n t h e n u m b e r of reg is te rs in t he reg is ter 

f i le, t he va lue x is lost f r o m the reg is ter f i le so c a n n o t be read at a l l . M o r e genera l l y , ca l cu l a t i ng t he 

pos i t i on t o read f r o m af ter e x e c u t i o n of a l oop requ i res b o t h c o u n t i n g the n u m b e r of t imes the l oop is 
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e x e c u t e d (wh ich c a n n o t be k n o w at c o m p i l e t ime for a while loop) and ana lyz ing the pat tern of wr i tes 

d o n e to the p ipe l ined reg is ter f i le in the body of t he loop . The re fo re the only safe p lace in W a r p J r to 

s to re da ta , so tha t it c a n be expl ic i t ly w r i t t en to and read f rom a f ixed address , is each p rocesso r ' s 

loca l da ta memory . Un fo r tuna te ly , it is more expens ive (in n u m b e r of m ic ro ins t ruc t i ons execu ted ) to 

a c c e s s the da ta m e m o r y of a WarpJ r ce l l than it is to access its L INC p ipe l ined register f i les. W e can 

st i l l p e r f o r m g loba l op t im iza t ions tha t on ly requ i re t r ans fo rma t i ons on the in te rmed ia te c o d e , s u c h as 

c o p y p r o p a g a t i o n , c o d e mo t ion (to move invar iant c o m p u t a t i o n s out of a loop) , c o m m o n 

s u b e x p r e s s i o n e l im ina t i on , e tc . [1 ] , but s u c h t r ans fo rma t i ons are ou ts ide the s c o p e of th is work . 

4. Basic code generation/scheduling 
The h igh level p r o b l e m to be so lved is to gene ra te g o o d m i c r o c o d e for the W a r p J r p rocessor . T h e 

inpu t to t he c o d e gene ra to r (also ca l led t h e schedu le r ) is a set of bas ic b l o c k s w i th f low con t ro l 

b e t w e e n b l ocks e m b e d d e d into t he b l o c k i n fo rma t i on . T h e c o m p u t a t i o n tha t the b lock pe r fo rms is 

rep resen ted by a d i r ec ted acyc l i c g r a p h (a dag), w i t h nodes c o r r e s p o n d i n g to ope ra t i ons to be 

p e r f o r m e d and e d g e s rep resen t i ng the d e p e n d e n c y re la t ionsh ips be tween ope ra t i ons (in ou r dags , a 

pa ren t d e p e n d s on the resul ts of its ch i l d ren ) . T h e gene ra t i on of the bas ic b lock s t r uc tu re and the 

c o m p u t a t i o n dags for the b l ocks is p e r f o r m e d by the f ron t end of t he W 2 comp i l e r [7 ] , w h i c h pe r f o rms 

loca l c o m m o n s u b e x p r e s s i o n e l im ina t i on , c o n s t a n t f o ld ing , and severa l o ther loca l op t im iza t ions on 

t h e in te rmed ia te c o d e (as rep resen ted by t he d a g s for t he bas ic b locks) be fo re it is inpu t to the 

W a r p J r schedu le r . As w e have d i s c u s s e d , t he p r e s e n c e of p ipe l ined reg is ter f i les in t he p rocesso r 

makes many g loba l op t im iza t ions imposs ib le b e c a u s e p ipe l i ned reg is ter f i les c a n n o t s to re a da ta i tem 

indef in i te ly . The impl ic i t reg is ter m a n a g e m e n t s t ra tegy for p ipe l ined regis ter f i les c o m p e l us to 

gene ra te c o d e separa te ly for each bas ic b lock . Any d a t a tha t mus t pass be tween b l o c k s is s to red in 

the loca l da ta memory of t he p rocessor . 

T h r e e ma jo r p rob lems mus t be so l ved to gene ra te m i c r o c o d e for t he p rocessor . T h e f irst p rob lem w e 

ca l l register file assignment, b e c a u s e w e mus t d e c i d e w h i c h A L U inpu t reg is ter f i le wi l l rece ive e a c h 

o p e r a n d of each A L U ope ra t i on . T h e p r o b l e m o c c u r s b e c a u s e the two A L U inpu ts in WarpJ r a re 

c o n n e c t e d to d i f fe ren t L INC p ipe l ined reg is ter f i les, so if an A L U ope ra t i on requ i res two o p e r a n d s they 

mus t res ide in different A L U inpu t reg is ter f i les. Th is p r o b l e m mus t b e reso lved pr ior t o s c h e d u l i n g 

t he d a g n o d e s for t he bas ic b l ocks , so tha t d u r i n g s c h e d u l i n g w e c a n d e c i d e to w h i c h p ipe l ined 

reg is ter f i les (and mo re spec i f i ca l l y , to w h i c h A L U inpu t reg is ter f i le or f i les) w e mus t rou te ope rands . 

T h e s e c o n d p r o b l e m is to schedule t he n o d e s in t h e d a g for e a c h b lock . T h e so lu t i on to th is p r o b l e m 

requ i res gene ra t i on of a s e q u e n c e of m i c r o i n s t r u c t i o n s (and L INC c o n t r o l pat terns) for t he b lock , and 

then the inser t ion of s e q u e n c i n g i n fo rma t i on at t he e n d of each b l ock to gene ra te the co r rec t f low 
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con t ro l be tween b locks . T h e last ma jo r c o d e gene ra t i on p rob lem o c c u r s in hand l i ng p ipe l ined 

reg is ter f i le overflows. A reg is ter f i le ove r f l ow takes p lace w h e n the va lue lost b e c a u s e of a regis ter 

file wr i te is needed as an o p e r a n d by a ope ra t i on that has no t yet been eva lua ted . W e are s c h e d u l i n g 

ope ra t i ons for a s ing le bas ic b lock at a t ime, so we can tell d u r i n g c o d e gene ra t i on w h e n an over f low 

o c c u r s , s imp ly by no t ing that a requ i red reg is ter file read d e p t h is g rea te r t han the ac tua l m a x i m u m 

d e p t h of a p ipe l ined reg is ter f i le (in t he case of L INC the d e p t h is 14). W e wi l l n o w more ful ly desc r i be 

these p rob lems and p resen t the a lgo r i t hms used to so lve t h e m . 

4 . 1 . A s s i g n i n g o p e r a n d s t o p i p e l i n e d r e g i s t e r f i l e s 

In the WarpJ r p rocesso r , each inpu t to t he A L U is assoc ia ted w i th a d i f fe ren t reg is ter f i le. A s imp le 

b lock d i a g r a m , s h o w i n g on ly the A L U , its inpu t p ipe l ined reg is ter f i les and the sw i t ch for the f e e d b a c k 

pa th , is s h o w n in F igure 4 - 1 , to fu r ther c lar i fy t he p r o b l e m w e mus t so lve . W e see tha t for ope ra t i ons 

requ i r ing two o p e r a n d s , the A L U mus t rece ive inpu ts f r o m two d i f fe ren t p ipe l ined reg is ter f i les, and 

the A L U resul t must be rou ted back t h r o u g h the sw i t ch to t h e app rop r i a te reg is ter fi le(s) if t he resul t is 

needed for fu r ther A L U opera t i ons . 

D A T A - I N \ i 
7 K ~ 3 

SWITCH 

R l •a 
R2 

ALU 
DATA-OUT 

> 

F i g u re 4 - 1 : S imp le p r o c e s s o r mode l 

W e the re fo re have a reg is ter f i le ass ignmen t p r o b l e m . W e mus t ass ign each o p e r a n d to an 

app rop r i a te reg is ter f i le so that t he t w o o p e r a n d s of a b inary ope ra t i on res ide in d i f fe ren t reg is ter f i les. 

For s o m e s e q u e n c e s of ope ra t i ons it may be necessary to s to re a va lue in more than one f i le. F igu re 

4-2 s h o w s a c o d e s e q u e n c e w i th its c o m p u t a t i o n d a g tha t requ i res a n o d e to be a l l oca ted to bo th 

reg is ter f i les ( in t he d a g e d g e s po in t f r o m t o p to b o t t o m , a n d a paren t n o d e d e p e n d s on t he resu l ts of 

its ch i l d ren ) : N o d e X mus t be s to red in b o t h reg is ter f i les (or A1 and B1 mus t b o t h be s to red in b o t h 

f i les) . 

O n e so lu t i on t o t h e reg is ter f i le ass i gnmen t p r o b l e m is t o s imp ly d i r ec t al l o p e r a n d s to bo th p ipe l i ned 

reg is ter f i les tha t a re c o n n e c t e d to t he A L U inputs . However , th is is no t p rac t i ca l s i nce the p ipe l ined 

reg is ter f i les a re on ly of l im i ted d e p t h . If t o o m a n y o p e r a n d s a re sh i f ted in to a p ipe l i ned reg is ter f i le, 

the o ldest o n e s are lost. The re fo re it is impo r tan t to m in im ize the n u m b e r of o p e r a n d s tha t mus t be 
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X f - A1 - B 1 ; 
A2 4 - A1 * X; 
B2 X * B 1 ; 

F i g u r e 4 - 2 : A dag tha t needs an o p e r a n d in two p ipe l ined reg is ter f i les 

d i r ec ted to bo th input p ipe l ined reg is ter f i les. 

R e g i s t e r f i le a s s i g n m e n t p r o b l e m : G iven a d a g that must be eva lua ted on an 

A L U w i th two p ipe l ined reg is ter f i les. F ind an ass ignmen t of o p e r a n d s to regis ter 

f i les tha t m in im izes t he n u m b e r of o p e r a n d s tha t mus t b e s to red in b o t h f i les. 

T h e p r o b l e m is equ iva len t to 2 -co lo r ing a g r a p h , if w e rep resen t each o p e r a n d as a node in the g r a p h , 

and insert an edge be tween each pair of nodes that are o p e r a n d s of the same ALU opera t i on . T h e n , if 

w e can 2-co lo r th is g r a p h , w e can ass ign the o p e r a n d s to p ipe l ined regis ter f i les so that no o p e r a n d is 

ass igned to bo th reg is ter f i les. The re a re po l ynomia l t ime a lgo r i t hms to d e c i d e whe the r or no t a g r a p h 

is 2 -co lo rab le [5 ] , bu t th is is not su f f i c ien t for our needs . W e requ i re not on ly a 2-co lor dec i s i on 

a l go r i t hm , bu t a lso a s c h e m e for ass ign ing nodes to regis ter f i les regard less of the resul t of the 

dec i s i on a lgo r i t hm. T h e dec i s ion a lgo r i t hm only tel ls us w h e t h e r it is poss ib le to 2 -co lo r a g r a p h , no t 

h o w to d o it. 

G o o d heur i s t i cs fo r c o l o r i n g g r a p h s a re k n o w n [9], bu t a re m o r e c o m p l e x t h a n necessary to so lve our 

par t i cu la r p r o b l e m . W e wi l l just i fy the c h o i c e of a s imp le a lgo r i t hm later, in the p e r f o r m a n c e analys is 

sec t i on of t he paper . W e have i m p l e m e n t e d an a lgo r i t hm w h i c h t raverses the g r a p h recurs ive ly f r om 

the roo ts of each bas ic b lock , ass ign ing nodes to reg is ter f i les fo l l ow ing the s imp le heur is t ic of d o i n g 

its best to ass ign the two ch i l d ren of a n o d e to d i f fe ren t reg is ter f i les. An o p e r a n d may have mu l t ip le 

pa ren ts b e c a u s e of the ex i s tence of c o m m o n subexp ress ions , so a n o d e is v is i ted exac t l y o n c e for 

ea c h of its paren ts . The re fo re , the r u n n i n g t ime of the regis ter f i le ass ignmen t a lgo r i t hm is 

p ropo r t i ona l to t he n u m b e r of edges in the c o m p u t a t i o n g r a p h for t he p r o g r a m . 

T h e recu rs i ve f unc t i on color (nocfe) is ca l l ed for each roo t of each bas ic b lock . In the a lgo r i t hm, the 

r e q u i r emen t is t o co lo r t he t w o c h i l d r e n of a s ing le node oppos i t e from o n e ano ther . 

D e f i n i t i o n 1 : T w o n o d e s are c o l o r e d opposite f r o m o n e ano ther if e i ther they have been 
ass igned d i f fe ren t co lo rs , or at least one of the n o d e s is ass igned bo th co lo rs . 
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A l g o r i t h m 1 : Regis ter f i le ass ignmen t . 

Input. Set of c o m p u t a t i o n dags , one for oach bas ic b lock in the s o u r c e p r o g r a m . 

Output, The same c o m p u t a t i o n d a g s as iri the input , w i th all nodes c o l o r e d so that for any n o d e 
w i th two ch i l d ren , t he ch i l d ren a re c o l o r e d oppos i te f rom one ano ther . 

Method. Recurs ive f unc t i on c o l o r ( n o d e ) . 

1. C o u n t the n u m b e r of ch i l d ren node has. 

2. If node has no ch i l d ren r e t u r n . 

3. If node has 1 ch i ld and it is no t a l ready c o l o r e d , co lo r it arb i t rar i ly , recurs ive ly visi t 
the ch i ld co lor (c /7 /7d) , and r e t u r n . 

4 . Node has 2 ch i l d ren . T h e r e are 3 cases : 

a. If ne i ther ch i ld is a l ready c o l o r e d , c o l o r chiidl and child2 oppos i te f rom e a c h 
o ther , recurs ive ly visi t bo th ch i l d ren , co\or(child1) and co\or(child2), and 
r e t u r n . 

b. If one c h i l d , say chiidl, is a l ready c o l o r e d , co lo r child2 oppos i t e f r om chiidl, 
recurs ive ly visi t c h i l d 2 co\or{child2), and r e t u r n . 

c. if bo th ch i l d ren are a l ready c o l o r e d , and they a re not a l ready c o l o r e d oppos i t e 
f rom each o ther , co lo r one of the ch i l d ren bo th c o l o r s ( thus ass ign ing it to 
bo th regis ter f i les), and r e t u r n . 

4 . 2 . S c h e d u l i n g 

T h e s c h e d u l e r gene ra tes m i c r o c o d e for o n e bas ic b l ock at a t ime. T h e major goa l of the schedu le r is 

to gene ra te g o o d m i c r o c o d e for the W a r p J r p rocesso r , ma in ly by us ing the bypass m o d e of the L INC 

p ipe l ined regis ter f i les as o f ten as poss ib le a n d d o i n g its best to m in im ize the n u m b e r of ove r f l ows 

f rom the L INC p ipe l ined reg is ter f i les. T h e s c h e d u l e r uses the f low c o n t r o l i n fo rma t i on p rov ided in the 

in te rmed ia te c o d e rep resen ta t i on to g e n e r a t e the necessa ry s e q u e n c i n g c o n t r o l at the e n d of each 

bas ic b lock . 

In gene ra l , gene ra t i ng op t ima l c o d e fo r an arb i t ra ry d a g is a d i f f i cu l t p rob lem. However , l ist 

s c h e d u l i n g has p roved to be a g o o d heur is t i c s c h e d u l i n g s t ra tegy , a n d w e desc r i be br ie f ly ou r 

imp lemen ta t i on . S c h e d u l i n g a d a g n o d e is a c c o m p l i s h e d by a l l oca t i ng the resou rces the n o d e 

requ i res . In t he W a r p J r p rocessor , r e s o u r c e s a re ent i t ies s u c h as the A L U , the va r ious pa ths t h r o u g h 

the L INC c rossbar , t he L INC p ipe l i ned reg is ter f i les and the L INC o u t p u t por ts , and accesses to the 

da ta memory . R e s o u r c e s are rep resen ted by f ie lds in t he W a r p J r m i c r o i n s t r u c t i o n s and in the L INC 

con t ro l pa t te rns . To imp lemen t t he list s c h e d u l i n g a l g o r i t h m , w e ma in ta in bo th a ready l ist, R, and an 
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a lmos t ready list, A, of nodes to be s c h e d u l e d . 

D e f i n i t i o n 2 : Dag n o d e l ists ready a n d almost-ready for the list s c h e d u l i n g a lgo r i t hm. 

T h e ready l ist, ft, c o n t a i n s those nodes cu r ren t l y ready to be s c h e d u l e d (o rdered by some cos t 
f unc t i on ) . 

T h e almost-ready list, A, con ta i ns the nodes n s u c h that 

• all ch i l d ren n. of n are a l ready s c h e d u l e d 

• t he resul t of (at least) one ch i l d n. is no t yet ava i lab le b e c a u s e of the in terna l de lay of 
t h e p rocessor . 

A l g o r i t h m 2 : Ins t ruc t ion s c h e d u l i n g : va r ian t of l ist s c h e d u l i n g . 

Input. Set of c o m p u t a t i o n dags , one for e a c h bas ic b l o c k in t he s o u r c e p r o g r a m . 

Output. S e q u e n c e of m i c ro i ns t r uc t i ons and L INC con t ro l pa t te rns for t he W a r p J r p rocesso r tha t 
p e r f o rms t h e c o m p u t a t i o n spec i f i ed by t h e inpu t dags . 

Method. List s c h e d u l i n g of t he nodes in the dags , us ing l ists A and ft as de f i ned above . 

1. Se lec t the n o d e n in R w i th m i n i m u m cos t ; de le te n f r om R. (If R = 0 , issue a no -op , 
u p d a t e list R as in s tep 4, and try again. ) 

2. Reserve all t h e resou rces the n o d e n requ i res . 

3. S c h e d u l e the n o d e n. If n o d e n uses a resul t c o m p u t e d by ch i ld n * c h e c k w h e t h e r 
bypass m o d e may be used . If not , c o m p u t e t he pos i t ion of n. in the p ipe l ined reg is ter 
f i le at the t ime n is s c h e d u l e d . If n. l ias ove r f l owed f r o m ' t h e reg is ter f i le, fix t h e 
ove r f l ow us ing o n e of t he m e t h o d s desc r i bed in t h e next s e c t i o n . 

4. C h e c k all t he paren ts of n to see if any n o w have all the i r ch i l d ren s c h e d u l e d . If so , 
a d d the paren t to the a lmos t - ready list A. 

C h e c k the n o d e s of A and m o v e a n o d e p f r o m A to ft if t he resu l ts c o m p u t e d by t h e 
c h i l d r e n of p a re ava i lab le (i.e. all p ipe l ine de lays in the p rocesso r have been 
sat is f ied) . 

5. If t he re are st i l l nodes left to be s c h e d u l e d , g o to s tep 1. 

Du r i ng the l ist s c h e d u l i n g a lgo r i t hm w e mus t dynamica l l y k e e p t r ack of t h e c o n t e n t s of t he p ipe l i ned 

reg is ter f i les, so tha t w e may gene ra te t h e c o r r e c t reg is ter f i le reads for t he o p e r a n d s of a par t i cu la r 

ope ra t i on . For tuna te ly , b e c a u s e w e a re on ly s c h e d u l i n g for a s ing le bas ic b lock at a t ime w e c a n 

d e p e n d on l inear f low of c o n t r o l , so w e c a n be ce r ta in tha t t he m i c ro i ns t r uc t i ons for a b l ock a re 

e x e c u t e d in s e q u e n c e . The re fo re , to d e t e r m i n e t he d e p t h of a p ipe l i ned reg is ter f i le read for pa ren t 
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n o d e n of its ch i l d n o d e m, w e f ind t he m i c ro i ns t r uc t i ons in w h i c h n and m w e r e s c h e d u l e d , cal l t h e m 

lin and respect ive ly , and c o u n t t he n u m b e r of sh i f ts in to the p ipe l ined register f i le f rom / i to J L L ^ . 

Tha t is the d e p t h of t he reg is ter f i le read for the o p e r a n d . 

W e de lay the dec i s i on to shi f t an o p e r a n d in to the reg is ter f i le unt i l t he paren t n o d e s of t he o p e r a n d 

a re s c h e d u l e d , the re fo re w e must upda te p ipe l ined reg is ter f i le read d e p t h s w h e n w e d e c i d e to shi f t 

an o p e r a n d in to a reg is ter f i le. Th is is d o n e by i n c r e m e n t i n g all reads cf t he p ipe l ined regis ter f i le in 

m i c ro i ns t r uc t i ons after t he new shi f t that a re to da ta i tems in the reg is ter fi le sh i f ted in before the new 

shi f t ( thus they are p u s h e d deepe r in to the p ipe l ined reg is ter fi le by the new shi f t ) . Of c o u r s e , in d o i n g 

these i nc remen ts w e may de tec t an ove r f l ow (by i n c r e m e n t i n g a read past the m a x i m u m d e p t h of a 

reg is ter f i le), a n d t hen we must recyc le t he lost va lue back in to t he reg is ter f i le. 

T w o key fea tu res make t he l ist s c h e d u l i n g a l go r i t hm w o r k par t i cu la r l y we l l in s c h e d u l i n g the bas ic 

b lock d a g s for WarpJ r . T h e f i rst fea tu re is tha t even t h o u g h the cost f u n c t i o n de te rm ines t he order in 

w h i c h nodes on the ready list are s c h e d u l e d , t he r e s o u r c e s a n o d e requ i res are a l l oca ted at t he 

ear l iest poss ib le m i c r o i n s t r u c t i o n , af ter t he n o d e ' s o p e r a n d s have b e c o m e ava i lab le , that has all t he 

f ree r e s o u r c e s n e e d e d by the node . T h e s e c o n d fea ture is tha t t he bypass m o d e of the p ipe l i ned 

reg is ter f i les is used as o f ten as poss ib le , m in im iz ing the n u m b e r of w r i tes to the reg is ter f i les. W e can 

d o th is b e c a u s e w e d o no t shi f t a resul t in to a p ipe l ined reg is ter f i le w h e n s c h e d u l i n g the n o d e that 

c o m p u t e s the resul t , bu t on ly shi f t in a resul t w h e n an ope ra t i on tha t uses t h e resul t is s c h e d u l e d and 

c a n n o t use bypass m o d e (i.e. the ope ra t i on has been s c h e d u l e d s o m e t ime af ter the resul t a r r i ved at 

the input por t to the reg is ter f i le). 

4 . 3 . O v e r f l o w s 

T h e l imi ted d e p t h of a p ipe l ined reg is ter f i le c a n be e x h a u s t e d by the eva lua t ion of s o m e d a g s . 

D e f i n i t i o n 3 : A p ipe l i ned reg is ter f i le overflows if t h e va lue lost in d o i n g a wr i t e to the reg is ter 
file is needed by a n o d e tha t has not yet been eva lua ted . 

Ove r f l ows are a major p r o b l e m for users of p ipe l ined reg is ter files, since t he re is no way to ma in ta in 

va lues in a p ipe l ined reg is ter f i le af ter a f i xed n u m b e r of w r i tes (and tha t n u m b e r d e p e n d s so le ly on 

t he d e p t h of t he p ipe l i ned reg is ter f i le) . W h e n e v e r an ove r f l ow occurs, t he lost va lue mus t b e recyc led 

b a c k into the reg is ter f i le, t h r o u g h one of t he severa l m e c h a n i s m s we wi l l s o o n d i scuss . T h u s we can 

sta te the ove r f l ow p r o b l e m more formally: 

O v e r f l o w p r o b l e m : G iven a d a g D and two p ipe l i ned reg is ter f i les of d e p t h n 

c o n n e c t e d to t he inpu ts of a s ing le A L U . F ind a legal eva lua t ion for t h e d a g tha t 
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m in im izes the n u m b e r of ove r f l ows . 

An over f low is de tec ted d u r i n g the list s c h e d u l i n g a lgo r i t hm w h e n a p ipe l ined register file read is 

g e n e r a t e d for an i tem that has been \o?A f rom the register f i le be fo re the m ic ro ins t ruc t i on con ta i n i ng 

the read (i.e. the ca l cu la ted read d e p t h is g rea te r than the ac tua l m a x i m u m d e p t h of the p ipe l ined 

reg is ter f i le). W e have d e s i g n e d the reg is ter f i ie ass ignmen t a lgo r i t hm and the list s c h e d u l i n g 

a lgo r i t hm to a t tempt to m in im ize t he n u m b e r of ove r f l ows f rom register f i les, b e c a u s e an over f low is 

cos t ly in t e rms of t h e qua l i ty of the g e n e r a t e d m i c r o c o d e . Un fo r tuna te ly , f i nd ing a legal eva lua t ion for 

a c o m p u t a t i o n d a g tha t m in im izes ove r f l ows is not easy. T h e p r o b l e m c o n t a i n s the reg is ter 

su f f i c i ency p r o b l e m , w h i c h is k n o w n to be NP-comp le te [5 ] . T h e best w e can the re fo re cu r ren t l y h o p e 

for is tha t ou r heur is t ic so lu t i on wi l l w o r k we l l . As wil l be s h o w n later in t he p e r f o r m a n c e stat is t ics for 

t he a lgo r i t hms , ou r heur is t i cs do i ndeed w o r k wel l for t he b e n c h m a r k p rog rams , gene ra t i ng very few 

ove r f l ows d u r i n g t h e s c h e d u l i n g a l g o r i t h m . 

In WarpJ r , t he re a re at least th ree poss ib le ways to hand le t he o c c u r r e n c e of an over f l ow d u r i n g list 

s c h e d u l i n g of a d a g rep resen t ing a bas ic b lock . O n e so lu t i on , w h i c h is t he mos t genera l l y app l i cab le 

so lu t i on to t he ove r f l ow p rob lem, is to mod i f y the dag so tha t the n o d e w h i c h ove r f l owed f r o m the 

p ipe l ined reg is ter f i le is a lso wr i t ten to W a r p J r ' s loca l da ta memory , and t hen insert loca l m e m o r y 

reads in to t h e d a g so that the ove r f l owed node is aya in read into toe reg is ter fi le f rom w h i c h it 

ove r f l owed . Th is requ i res t ha t w e t h r o w away all the vvork t ha t w o have a l ready d o n e in s c h e d u l i n g 

t he b lock , a n d star t over aga in w i th the new, mod i f ied d a g . The so lu t i on is gene ra l , b e c a u s e it wi l l 

w o r k in all i ns tances w h e r e w e de tec t an over f low, bu t can be expens i ve b e c a u s e of the need to 

restar t our s c h e d u l i n g a lgo r i t hm f rom s c r a t c h on the dag each t ime an ove r f l ow is d e t e c t e d . 

A s e c o n d m e t h o d for hand l i ng an ove r f l ow is t o a t temp t to b a c k t r a c k and wr i t e the n o d e tha t 

ove r f l owed to the loca l d a t a memory . Th i s c a n be d o n e by rou t i ng the n o d e to the m e m o r y da ta inpu t 

p ipe l ined reg is ter f i le w h e n t he n o d e ar r ives at the L INC c rossbar and gene ra t i ng a memory wr i te in 

t he app rop r i a te m i c r o i n s t r u c t i o n . W e c a n then insert a m e m o r y read b e t w e e n the m ic ro ins t ruc t i on 

tha t wr i tes the n o d e to m e m o r y and the m ic ro i ns t ruc t i on that d o e s the reg is ter f i le read that 

ove r f l owed . Inser t ing these loca l da ta m e m o r y reads and wr i tes into our a l ready gene ra ted 

m i c r o c o d e requ i res tha t w e f ind m i c r o i n s t r u c t i o n s c o n t a i n i n g e n o u g h f ree resou rces to imp lemen t t he 

ove r f l ow so lu t i on . S i n c e s u c h r e s o u r c e s are no t a lways ava i lab le in the res t r i c ted set of 

m i c ro i ns t r uc t i ons in w h i c h w o may a l loca te t h e m , th is so lu t i on suf fers f rom the fac t that it may fa i l , 

and if t he so lu t i on s u c c e e d s it wi l l cos t t w o c o m p l e t e loca l m e m o r y cyc les . 

Ye t ano the r so lu t i on to the ove r f l ow p r o b l e m is on ly easi ly app l i cab le to ove r f l ows f r om the reg is ter 

f i les c o n n e c t e d to the A L U inpu t por ts . W e c a n rec i r cu la te t h e n o d e that ove r f l ows t h r o u g h the A L U , 
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by p e r f o r m i n g an e f fec t i ve nul l ope ra t i on on t he va lue (i .e. add 0.0 to the va lue) , and t hen rou te the 

resu l t b a c k to the s a m e reg is ter f i le . W e mus t s c h e d u l e the rec i r cu la t i on A L U ope ra t i on in s o m e 

m i c r o i n s t r u c t i o n b e t w e e n the one that in i t ia l ly sh i f ted the n o d e into t he p ipe l i ned reg is ter f i le (so tha t 

t he va lue is a l ready in the reg is ter f i le to be rec i r cu la ted ) and t h e o n e that d o e s t he reg is ter f i le read 

that causes t h e over f l ow. W e can t hen r e s c h e d u l e the ope ra t i on tha t c a u s e d the ove r f l ow ( the 

o r ig ina l reg is ter f i le read) and use the rec i r cu la ted resul t as the o p e r a n d in the reg is ter f i le tha t 

o v e r f l o w e d . 

T h e ma jo r d i f f i cu l t ies w i t h the rec i r cu la t i on so lu t i on to t h e ove r f l ow p r o b l e m are in f i nd ing 

m i c r o i n s t r u c t i o n s to s c h e d u l e b o t h t he A L U ope ra t i on fo r t he rec i r cu la t i on , a n d in g e n e r a t i n g t h e 

s e c o n d o p e r a n d for tha t A L U ope ra t i on ( for W a r p J r th is w o u l d mean s c h e d u l i n g a l i teral w i th va lue 0.0 

for an add i t i on in t he ALU) . Th is is t he so lu t i on tha t w e have i m p l e m e n t e d in t h e c o d e gene ra to r fo r 

WarpJ r , and it has w o r k e d qu i te we l l in p rac t i ce . T h e i m p l e m e n t e d s t ra tegy s h o u l d no t impose a g rea t 

p e r f o r m a n c e pena l t y on t h e g e n e r a t e d c o d e , b e c a u s e w e on ly use r e s o u r c e s tha t a re u n u s e d by al l 

p rev ious ly g e n e r a t e d c o d e . However , f i x ing up an ove r f l ow uses r esou rces tha t may have b e e n used 

in s c h e d u l i n g s u b s e q u e n t n o d e s in t h e l ist s c h e d u l i n g a l g o r i t h m , so may in real i ty s o m e w h a t a f fec t t he 

qua l i t y of t he g e n e r a t e d c o d e . To e x t e n d t he so lu t i on to p ipe l ined reg is te r f i les tha t a re no t d i r ec t l y 

c o n n e c t e d to the A L U inpu t por ts , s u c h as the loca l m e m o r y d a t a and add ress inpu t p ipe l ined reg is ter 

f i les, w e w o u l d have to rou te t he ove r f l owed n o d e s to an A L U inpu t reg is ter f i le a n d t hen use t he s a m e 

a lgo r i t hm d e s c r i b e d above to rec i r cu la te the n o d e b a c k to the reg is ter f i le that ac tua l l y requ i res t he 

n o d e . Th i s w o u l d invo lve add i t i ona l w r i t es in to t he A L U inpu t po r t reg is te r f i les, so p robab l y is a p o o r 

so lu t i on to t he gene ra l ove r f l ow p r o b l e m . 

5. Pipelined register file performance 
W e d e m o n s t r a t e tha t p ipe l i ned reg is ter f i les a re an a t t rac t i ve imp lemen ta t i on of loca l s t o rage in a 

p rocesso r s u c h as W a r p J r . B e c a u s e w e c a n n o t ana ly t i ca l l y p rove any p e r f o r m a n c e b o u n d s o n h o w 

we l l p ipe l i ned reg is ter f i les w o r k , w e wi l l use a set of b e n c h m a r k p r o g r a m s for w h i c h p ipe l i ned reg is ter 

f i les exh ib i t g o o d behav io r on t he W a r p J r p rocesso r , a n d a r g u e b o t h t ha t t hese resu l ts a re gene ra l l y 

app l i cab l e to many p r o g r a m s c o m p i l e d us ing our a l go r i t hms and tha t t h e resu l ts ex tend to o the r 

p r o c e s s o r i m p l e m e n t a t i o n s us ing p ipe l i ned reg is ter f i les. For each b e n c h m a r k , s ta t ic p e r f o r m a n c e 

d a t a w e r e c o l l e c t e d e i ther f r om the d a g s rep resen t i ng t he c o m p u t a t i o n or f r om the m i c r o i n s t r u c t i o n s 

and c o n t r o l pa t te rns g e n e r a t e d by t h e W a r p J r schedu le r . Dynamic p e r f o r m a n c e d a t a w e r e ob ta i ned 

f r o m e x a m i n i n g the ac tua l e x e c u t i o n pa th of e a c h b e n c h m a r k p r o g r a m on a s imu la to r , and 

d e t e r m i n i n g h o w many t imes each m i c r o i n s t r u c t i o n a n d c o n t r o l pa t te rn w e r e e x e c u t e d . 
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T h e r e a re many issues invo lved in m e a s u r i n g the p e r f o r m a n c e of t he p ipe l i ned reg is ter f i les in t he 

W a r p J r p rocesso r . T h e p e r f o r m a n c e of t he reg is ter f i le ass ignmen t a lgo r i t hm tel ls us h o w of ten 

o p e r a n d s are d i r ec ted to b o t h A L U inpu t reg is ter f i les. A g o o d reg is ter f i le ass ignmen t a lgo r i t hm wi l l 

ass ign few d a g n o d e s to b o t h reg is ter f i les. T h e s c h e d u l i n g a lgo r i t hm a t tempts to use the bypass 

m o d e tha t L INC p rov ides as o f ten as poss ib le , to save wr i tes in to p ipe l i ned reg is ter f i les. The re fo re , 

measu r i ng h o w of ten bypass m o d e is used s h o u l d g ive us an idea of t he ut i l i ty of p rov id ing s u c h a 

fac i l i ty in a sys tem that uses p ipe l i ned reg is ter f i les. T h e p e r f o r m a n c e of t he reg is ter f i le ass ignmen t 

a l go r i t hm a n d the use of bypass m o d e tel l us h o w wel l w e a re m in im iz ing the n u m b e r of o p e r a n d s tha t 

a re wr i t t en in to t h e reg is ter f i les. 

Wh i l e m in im iz ing the n u m b e r of o p e r a n d s to be wr i t ten in to p ipe l i ned reg is ter f i les is an impo r tan t 

goa l , t he ma in issue w e are in te res ted in is t he p e r f o r m a n c e of p ipe l i ned reg is ter f i les w h e n they a re 

ac tua l l y used to p rov i de o p e r a n d s in eva lua t i ng c o m p u t a t i o n d a g s . T h e depth of a p ipe l i ned reg is ter 

f i le read of n o d e n c a n be d e t e r m i n e d by c o u n t i n g the n u m b e r of va lues wr i t ten into t he p ipe l i ned 

reg is te r f i le f r o m t h e m i c r o i n s t r u c t i o n n o d e n is wr i t t en unt i l t he m i c r o i n s t r u c t i o n n o d e n is read ( th is 

i nc l udes the wr i t e of n o d e n). T h e r e a re many ways of eva lua t ing the p e r f o r m a n c e of the p ipe l i ned 

reg is te r f i les in WarpJ r . T h e ave rage a n d m a x i m u m d e p t h s of a p ipe l i ned reg is ter f i le read tel l us h o w 

d e e p p ipe l i ned reg is ter f i les mus t be to success fu l l y e x e c u t e p r o g r a m s w i t h o u t excess ive n u m b e r s of 

ove r f l ows . A n o t h e r in te res t ing m e a s u r e of p ipe l i ned reg is ter f i le p e r f o r m a n c e is t h e l i veness of t h e 

n o d e s tha t a re wr i t t en into t he reg is ter f i les. M o r e spec i f i ca l l y , w e w o u l d l ike to f ind ou t for a g iven 

da ta i tem tha t is wr i t t en in to a p ipe l i ned reg is ter f i le h o w long it needs to rema in ava i lab le to b e read 

(i .e. h o w d e e p in the reg is ter f i le t h e last read of a g iven va lue is). T h e last, and p robab l y t he mos t 

s ign i f i can t , p e r f o r m a n c e measu re for p ipe l i ned reg is ter f i les is h o w many ove r f l ows o c c u r . Th is is 

real ly t he t r ue measu re of h o w we l l p ipe l i ned reg is ter f i les p e r f o r m , b e c a u s e unt i l an ove r f l ow o c c u r s 

a p ipe l i ned reg is ter f i le is jus t as p o w e r f u l as a gene ra l p u r p o s e reg is ter f i le of t he same s ize, t he on ly 

d i f f e r e n c e be ing t he imp l ic i t na tu re of a p ipe l i ned reg is ter f i le wr i te l oca t i on vs. the exp l ic i t d e c i s i o n to 

w r i t e t o a g i ven gene ra l p u r p o s e reg is ter . 

W e have se lec ted a set of severa l med ium-s i zed b e n c h m a r k p r o g r a m s wr i t t en in t he h igh level b lock-

s t r u c t u r e d l a n g u a g e W 2 [6 ] t o m e a s u r e the p e r f o r m a n c e of t he p ipe l i ned reg is ter f i les in t he W a r p J r 

p rocesso r . These i nc l ude severa l low- leve l v is ion a l go r i t hms (b inop , c o l o r s e g , p g e n , r g b n o r m a n d 

sobe l ) , severa l s igna l p r o c e s s i n g a l g o r i t h m s (fft, c o n v a n d lup) a n d a p r o g r a m to c o m p u t e a 

M a n d e l b r o t set (mande l ) . In all tha t f o l l ows , s ta t ic i n f o rma t i on is t aken d i rec t l y f rom the c o m p i l e d 

m i c r o i n s t r u c t i o n s , w i t h o u t r e f e rence to p r o g r a m e x e c u t i o n , wh i l e d y n a m i c i n fo rma t i on refers to t he 

m i c r o i n s t r u c t i o n s f e t c h e d d u r i n g p r o g r a m e x e c u t i o n . 
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5 . 1 . G e n e r a l p r o p e r t i e s o f t h e b e n c h m a r k p r o g r a m s 

T o g ive an idea of t he comp lex i t y of t he b e n c h m a r k s , w e p rov ide d a t a on severa l p rope r t i es of each 

p r o g r a m . T h e f i rst c o m p l e x i t y measu re is the n u m b e r of l ines of W 2 s o u r c e c o d e . T h e next set of 

d a t a is i n f o rma t i on on t he o u t p u t of t h e f ron t e n d of t he W 2 comp i l e r , w h i c h gene ra tes the 

c o m p u t a t i o n d a g s for e a c h bas ic b l o c k in the s o u r c e W 2 p r o g r a m . T h e n u m b e r of bas ic b l o c k s and 

t h e to ta l n u m b e r of d a g n o d e s requ i red t o d e s c r i b e the c o m p u t a t i o n of t h e b e n c h m a r k s h o u l d g ive 

s o m e idea of t he s ize of the j o b tha t t he c o d e g e n e r a t o r / s c h e d u l e r fo r W a r p J r mus t hand le . Final ly, 

w e p r o v i d e d a t a on t h e n u m b e r of m i c r o i n s t r u c t i o n s and L INC c o n t r o l pa t te rns tha t the s c h e d u l e r 

g e n e r a t e s f r om the c o m p u t a t i o n d a g s . Th is te l ls us t h e s ize of t h e ac tua l p r o g r a m tha t runs on 

WarpJ r . Tab le 5-1 c o n t a i n s the da ta on t h e gene ra l p rope r t i es of the b e n c h m a r k p r o g r a m s . 

W 2 program # basic # dag # # control 

( # lines) blocks nodes /xinsts patterns 

binop 4 4 11 76 140 27 

colorseg 106 31 227 3 7 4 5 8 

conv 177 61 4 3 8 580 57 

fft 3 4 13 91 154 37 

lup 6 3 27 118 252 32 

mandel 56 6 9 2 120 3 8 

pgen 59 10 140 202 52 

rgbnorm 112 51 2 4 8 426 25 

sobel 144 7 9 2 7 8 5 8 0 31 

T a b l e 5 - 1 : P rope r t i es of b e n c h m a r k p r o g r a m s 

5 . 2 . R e g i s t e r f i l e a s s i g n m e n t 

T o m e a s u r e h o w we l l ou r reg is ter f i le a s s i g n m e n t a l g o r i t h m w o r k s , w e wi l l c o m p u t e b o t h s tat ic and 

d y n a m i c i n fo rma t i on f r o m our reg is ter f i le a s s i g n m e n t a l g o r i t h m . T h e s ta t ic n u m b e r s s h o w the 

n u m b e r of d a g n o d e s . t h a t a re ass i gned t o b o t h A L U inpu t reg is ter f i les, as a p e r c e n t a g e of t he total 

n u m b e r of d a g n o d e s tha t mus t be a s s i g n e d to t h e reg is te r f i les. T h e d y n a m i c n u m b e r s s h o w h o w 

m a n y m i c r o i n s t r u c t i o n s r ou te o p e r a n d s to b o t h A L U i npu t p ipe l i ned reg is te r f i les d u r i n g ac tua l 

p r o g r a m e x e c u t i o n , as a p e r c e n t a g e of t h e to ta l n u m b e r of m i c r o i n s t r u c t i o n s e x e c u t e d . Tab le 5-2 

d isp lays t hese m e a s u r e m e n t s for t he b e n c h m a r k p r o g r a m s . 

As c a n eas i ly b e seen f r o m the tab le , very few n o d e s are ass i gned to b o t h A L U inpu t reg is ter f i les by 

ou r reg is te r f i le a s s i g n m e n t a l g o r i t h m . A lso , d u r i n g p r o g r a m e x e c u t i o n , no t many va lues are d i r ec ted 

t o b o t h A L U i npu t reg is ter f i les b e c a u s e of t he reg is ter f i le a s s i g n m e n t a l g o r i t h m . Th is is a p r o m i s i n g 

resu l t , as it says tha t w e a re no t r o u t i n g m a n y va lues to m o r e t h a n o n e p i pe l i ned reg is te r f i le, even 
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stat ic d y n a m i c 

b i n o p 2.9 0.0 
c o l o r s e g 5.1 1.9 
c o n v n.o 0.0 
fft 0.0 0.0 
lup 2.0 0.0 
m a n d e l 5.4 6.2 
p g e n 13.2 1.8 
r g b n o r m 5.0 0.2 
sobe l 1.0 0.4 

T a b l e 5 - 2 : P e r f o r m a n c e of reg is ter f i le ass ignmen t a lgo r i t hm (in %) 

t h o u g h w e d o not have an op t ima l ass ignmen t a l go r i t hm . The g o o d obse rved behav io r of our 

ass ignmen t a l go r i t hm s h o u l d e n h a n c e our p ipe l ined reg is ter f i le p e r f o r m a n c e in later measu remen ts . 

5 . 3 . B y p a s s m o d e f o r p i p e l i n e d r e g i s t e r f i l e s 

Real is t ic imp lemen ta t i ons of m a c h i n e s c o n t a i n i n g p ipe l ined reg is ter f i les p rov ide for a d i rec t path 

f rom the input por t to the ou tpu t por t of t he regis ter f i le. The p u r p o s e of this path is to a l low d i rec t 

f o r w a r d i n g of a va lue tha t is used on ly o n c e , w i t hou t sh i f t ing it in to the reg is ter f i le. Tha t is, t he 

register f i le c a n be bypassed. However , the input is va l id at the ou tpu t per t for on ly one m a c h i n e 

cyc l e ( the same one at w h i c h it ar r ives) . 

W e w o u l d l ike to measu re h o w wel l ou r list s chedu l i ng a lgo r i t hm is ab le to take advan tage of the 

p r e s e n c e of bypass m o d e in the L INC p ipe l ined register f i les. The re are two in teres t ing p e r f o r m a n c e 

measu res tha t w e can d isp lay for s h o w i n g the e f fec t i veness of bypass m o d e in m in im iz ing the n u m b e r 

of o p e r a n d s tha t are wr i t ten in to p ipe l i ned reg is ter f i les. T h e f i rst is to measu re h o w of ten bypass 

m o d e is u s e d , bo th s ta t ica l ly in the c o d e g e n e r a t e d by the list s c h e d u l i n g a lgo r i t hm, and dynamica l l y 

d u r i n g t he execu t i on of t he p r o g r a m g e n e r a t e d by list s c h e d u l i n g . T h e re levant p e r f o r m a n c e measu re 

is the n u m b e r of p ipe l ined reg is ter f i le reads that use bypass m o d e , as a pe r cen tage of the to ta l 

n u m b e r of reads f rom the W a r p J r p ipe l i ned reg is ter f i les. T h e s e c o n d measu re of h o w usefu l bypass 

m o d e is, is to look at h o w of ten the use of bypass m o d e ac tua l l y saves a sh i f t in to a p ipe l ined reg is ter 

f i le, aga in bo th s tat ica l ly and dynamica l l y . Us ing bypass m o d e for a par t i cu la r o p e r a n d d o e s no t 

a lways save a shi f t in to a p ipe l ined reg is ter f i le, b e c a u s e the o p e r a n d may be needed for another 

ope ra t i on tha t c a n n o t b e s c h e d u l e d w i t h o u t sh i f t ing the o p e r a n d into the p ipe l i ned reg is ter f i le. Here , 

t he re levant p e r f o r m a n c e measure is t he n u m b e r of p ipe l i ned reg is ter f i le wr i tes tha t are not d o n e 

w h e n bypass m o d e is used , as a p e r c e n t a g e of the to ta l n u m b e r of uses of p ipe l ined reg is ter f i le 

bypass m o d e . Tab le 5-3 s h o w s these m e a s u r e m e n t s for the b e n c h m a r k p r o g r a m s . 
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Bypass reads 
(as % of tota l roads) 

s ta t ic d y n a m i c 

Saved wr i tes 
(as % of bypass reads) 
s ta t ic d y n a m i c 

b i n o p 
c o l o r s e g 
c o n v 
fft 
l up 
mande l 
pgen 
r g b n o r m 
sobe l 

43.5 
36.3 
28.8 
38.9 
38.2 
36.9 
38.3 
37.3 
40.5 

39.8 
35.9 
26.2 
41.0 
36.9 
34.7 
40.7 
36.6 
41 .8 

99.4 
96.5 
100 
98.0 
98.0 
95.5 
94.4 
99.6 
100 

100 
93.7 
100 

98.0 
98.3 
91.2 
97.2 
99.7 
100 

T a b l e 5 - 3 : Bypass m o d e ut i l i za t ion ( in %) 

W e see that bypass m o d e is used over 1 /4 of t he t ime , b o t h s ta t ica l ly and dynamica l l y , in all t h e 

b e n c h m a r k p rog rams . Th is means tha t f requen t l y a d a t a i tem can be used as s o o n as it b e c o m e s 

ava i lab le at the inpu t to a p ipe l ined reg is ter f i le. Even mo re impor tan t l y , in al l the b e n c h m a r k 

p rog rams , over 9 0 % of the uses of bypass m o d e (and f requen t l y m u c h g rea te r pe rcen tages ) ac tua l l y 

save a wr i te into a p ipe l ined reg is ter f i le, t he reby p r o l o n g i n g the l iveness of al l the da ta i tems a l ready 

in a reg is ter f i le. Th is resul t i nd ica tes tha t few c o m m o n subexp ress i ons are f o u n d in t he d a g s for t h e 

b e n c h m a r k p rog rams , b e c a u s e a c o m m o n s u b e x p r e s s i o n is used more than o n c e as an o p e r a n d , so 

mus t be wr i t ten in to a p ipe l ined reg is ter f i le. T h e s ta t is t ics p rov ide a s t r ong case for p rov id ing a 

bypass m o d e in any sys tem c o n t a i n i n g p ipe l ined reg is ter f i les, b e c a u s e bypass m o d e e n h a n c e s t h e 

ut i l i ty of p ipe l ined reg is ter f i les by great ly d e c r e a s i n g the n u m b e r of da ta i tems that must be wr i t t en . 

5 . 4 . D e p t h o f p i p e l i n e d r e g i s t e r f i l e r e a d s 

T h e d e p t h of a p ipe l i ned regis ter f i le read for a par t i cu la r da ta i tem te l ls us h o w many o ther va lues 

have been wr i t ten into t he p ipe l i ned reg is ter f i le f r o m the t ime that the d a t a i tem w a s wr i t ten unt i l t h e 

t ime tha t it is read . The re fo re , the a v e r a g e d e p t h of a p ipe l i ned reg is ter f i le read for a g i ven p r o c e s s o r 

p rov ides i n fo rma t ion o n h o w d e e p the ac tua l reg is ter f i les s h o u l d be so tha t as few ove r f l ows as 

poss ib le o c c u r . T h e ave rage d e p t h a l l ows us to make an i n fo rmed d e c i s i o n on t rad ing off s i l i con a rea 

inves ted in reg is ter f i les vs. the need to m in im ize the n u m b e r of ove r f l ows tha t o c c u r . In a d d i t i o n , 

i n fo rma t ion on the m a x i m u m d e p t h of a p ipe l ined reg is ter f i le read for a par t i cu la r reg is ter f i le in a 

p rocesso r p rov ides us w i th wo rs t case i n fo rma t i on as to h o w d e e p the p ipe l ined reg is ter f i le w o u l d 

have to be to comp le te l y r emove al l ove r f l ows f r om a s a m p l e p r o g r a m . 

W e d isp lay the wors t c a s e d e p t h i n fo rma t i on for t h e t h ree major p ipe l i ned reg is ter f i les in t he W a r p J r 
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p rocesso r - the ALU input register f i les ( g rouped toge ther ) , the register f i le that p rov ides the address 

to the loca l da ta m e m o r y (cal led ADR out ) , and the regis ter f i le that p rov ides input da ta to the loca l 

memory (cu l led MEM-ou t ) . The da ta shou ld not bo taken as s ta t ing that if the wors t case p ipe l ined 

register file read is g rea te r than the d e p t h of a register f i le in WarpJ r , w e cou ld not genera te co r rec t 

c o d e for the p r o g r a m . T h e measu remen ts we re taken by d isab l ing the over f l ow co r rec t i on a lgo r i t hm 

just to see wha t the wo rs t case behavior of the s c h e d u l i n g a lgo r i t hm w o u l d be. 

Tab le 5-4 s h o w s the average p i pe l i ned reg is ter fi le read d e p t h , bo th s tat ica l ly and dynamica l l y , over 

all t he reg is ter f i les in W a r p J r for t he the b e n c h m a r k p rog rams , w i th over f low co r rec t i on enab led . 

Over f l ow c o r r e c t i o n a l lows us to co l l ec t s ta t is t ics on p r o g r a m s that can ac tua l l y run on the W a r p J r 

p rocessor , b e c a u s e no p ipe l i ned reg is ter f i le ove r f l ows occu r . T h e s ta t is t ics d o no t i nc lude reg is ter 

f i le reads that use bypass m o d e , and the re fo re only measu re reg is ter f i le reads tha t ac tua l ly a c c e s s 

the da ta f r om the reg is ters in the p ipe l ined reg is ter f i le. Tab le 5-5 s h o w s the wors t case p ipe l ined 

reg is ter f i le read d e p t h for the th ree reg is ter f i les in W a r p J r d e s c r i b e d above , w i th over f low c o r r e c t i o n 

d isab led as d e s c r i b e d above . 

s tat ic d y n a m i c 

b i n o p 1.85 2.04 
co l o r seg 2.37 2.49 
c o n v 1.60 1.65 
fft 1.57 1.54 
lup 1.20 1.26 
mande l 1.45 1.37 
p g e n 2.27 2.12 
r g b n o r m 1.20 1.18 
sobe l 1.65 1.70 

T a b l e 5 - 4 : Ave rage p ipe l i ned reg is ter f i le read d e p t h , not i nc l ud ing bypass reads 

Tab le 5-4 ind ica tes that the ave rage d e p t h of a p ipe l ined reg is ter f i le read , bo th s tat ica l ly and 

dynamica l l y , is on ly a b o u t 2 d e e p in the reg is ter f i le. O n c e aga in , th is is a s ign i f i can t resul t , b e c a u s e it 

says that w e are a lmost a lways read ing va lues tha t have no t res ided long in the p ipe l ined regis ter f i les, 

so are h igh ly l ikely no t to have ove r f l owed . In add i t i on , it means that w e do not have to make the 

ac tua l p ipe l ined regis ter f i les in the p rocesso r very d e e p , b e c a u s e w e d o no t access e lements d e e p in 

the reg is ter f i le o f ten . T h e m a x i m u m d e p t h resul ts of Tab le 5-5 ind ica te that mos t p r o g r a m s never 

pe r fo rm reads tha t a re d e e p in to the p ipe l i ned reg is ter f i le. T h e da ta p rov ides add i t i ona l ev idence for 

t he obse rva t i on tha t mos t o p e r a n d s are not used o f ten , and if an o p e r a n d is used of ten it is used 

w i th in a sho r t s e q u e n c e of m i c ro i ns t ruc t i ons . T h e obse rva t i on is d i rec t l y a n a l o g o u s to the c o n c e p t of 
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ADR-ou t M E M - o u t ALU- in 

b i n o p 2 2 5 
co lo r seg 13 2 16 
conv 7 4 6 
fft 2 1 7 

lup 2 2 6 
mande l 2 2 5 
pgen 4 5 11 
r g b n o r m 1 1 3 
sobe l 3 1 4 

T a b l e 5 - 5 : M a x i m u m p ipe l ined reg is ter f i le read d e p t h 

loca l i ty of re fe rence in user p rog rams , and is a lso a c o n s e q u e n c e of ou r loca l c o d e gene ra t i on 

s t ra tegy . 

5 . 5 . L i v e n e s s 

T o re in fo rce ou r a r g u m e n t that mos t o p e r a n d s a re on ly used w i th in a shor t s e q u e n c e of 

m i c ro i ns t ruc t i ons , w e have c o m p u t e d t he l iveness p roper t i es of da ta i tems wr i t ten into the W a r p J r 

p ipe l ined reg is ter f i les. In our t e rm ino logy , l iveness of an o p e r a n d in a p ipe l ined reg is ter f i le is 

measu red by l ook ing at the last t ime a par t i cu la r da ta i tem is read f r om a p ipe l ined reg is ter f i le re lat ive 

to the t ime it was wr i t ten into the reg is ter f i le, bo th in t e rms of the n u m b e r of m i c ro i ns t ruc t i ons 

e x e c u t e d s ince the i tem w a s wr i t ten to the reg is ter f i le, and in t e rms of the n u m b e r of wr i tes to t he 

reg is ter f i le s i nce the i tem w a s wr i t t en . 

T h e l iveness measu remen ts p rov ide us w i t h i n fo rma t ion on the d e p t h of t he last read of a da ta i tem 

f r om a p ipe l ined reg is ter f i le and on t h e n u m b e r of m i c ro i ns t r uc t i ons e x e c u t e d b e t w e e n the t ime a 

da ta i tem is wr i t ten in to a p ipe l ined reg is ter f i le and the t ime it is last read f r om that regis ter f i le. For 

t hese measu remen ts , s ta t ic n u m b e r s g ive i iveness resu l ts as if each m ic ro i ns t r uc t i on w e r e e x e c u t e d 

exac t l y o n c e ( thereby w e i g h t i n g e a c h m i c r o i n s t r u c t i o n equa l l y in t h e ave rage l iveness measu remen t ) , 

wh i l e the d y n a m i c n u m b e r s are ob ta i ned f r o m the ac tua l e x e c u t i o n pa th of the b e n c h m a r k p r o g r a m 

(wh i ch ef fec t ive ly we igh t s each m ic ro i ns t r uc t i on by t he n u m b e r of t imes it is execu ted ) . Tab le 5-6 

s h o w s the ave rage l iveness of a da ta i tem in t he W a r p J r p ipe l i ned reg is ter f i les, b o t h s ta t ica l ly a n d 

dynamica l l y , for t he b e n c h m a r k p r o g r a m s . 

T h e m e a s u r e m e n t s s h o w tha t d a t a i tems a re not l ive fo r a l ong t ime in the W a r p J r p ipe l ined reg is ter 

f i les. O n ave rage , the last m i c ro i ns t r uc t i on in w h i c h a d a t a i tem is read f r om a p ipe l ined reg is ter f i le is 

shor t l y af ter the m ic ro i ns t r uc t i on in w h i c h t he d a t a i tem w a s wr i t ten in to the reg is ter f i le. In add i t i on , 
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Stat ic Dynamic 
# wr i tes # / l i ns ts # wr i tes # /linsts 

b i n o p 
co lo r seg 
c o n v 

1.4 
2.2 
1.4 
1.5 
1.4 
1.4 
2.2 
1.1 
1.1 

4.0 
7.3 
2.9 
4.6 
5.0 
3.0 
8.9 
1.6 
1.8 

1.5 
2.5 
1.6 
1.5 
1.2 
1.6 
2.1 
1.0 
1.2 

5.0 
8.5 
3.3 
4.5 
2.9 
2.8 
9.5 
1.3 
2.2 

fft 
lup 
mande l 
pgen 
r g b n o r m 
sobe l 

T a b l e 5 - 6 : Ave rage l iveness of a da ta i tem 

the re are few wr i tes into the p ipe l i ned reg is ter f i le in that t ime in terva l . T h e measu remen ts p rov ide 

s t r ong s u p p o r t for our c o n t e n t i o n that da ta i tems are usual ly used w i th in a sho r t s e q u e n c e of 

m i c ro i ns t ruc t i ons . T h e da ta a lso ind ica te tha t t he s c h e d u l e r for W a r p J r d o e s a g o o d j o b of 

s c h e d u l i n g ope ra t i ons to use da ta i tems shor t l y af ter they ar r ive at a p ipe l i ned reg is ter f i le. Overa l l , 

t he l iveness d a t a re in fo rce the no t i on tha t p ipe l ined reg is ter f i les a re an a t t rac t ive f o rm of regis ter 

s to rage for a p rocesso r s u c h as WarpJ r , because p ipe l i ned reg is ter f i les, wh i l e no t ab le to s to re 

o p e r a n d s indef in i te ly , are ab ie to s to re o p e r a n d s long e n o u g h so that t he ope ra t i ons that need t h e m 

c a n b e s c h e d u l e d . 

5 . 6 . O v e r f l o w s 

O u r ma jo r c o n c e r n t h r o u g h all t he p e r f o r m a n c e measu res on p ipe l ined reg is ter f i les has been the i r 

i m p a c t on the n u m b e r of ove r f l ows tha t wi l l o c c u r d u r i n g p r o g r a m e x e c u t i o n . W e w i sh to m in im ize the 

n u m b e r of ove r f l ows tha t o c c u r b e c a u s e an ove r f l ow f o r ces us to was te resou rces tha t a re not 

exp l ic i t l y r equ i red to pe r f o rm t h e c o m p u t a t i o n spec i f i ed by the p r o g r a m . Al l of our a lgo r i t hms w e r e 

exp l ic i t l y d e s i g n e d to m in im ize over f l ows , and n o w w e wi l l p resen t the resu l ts of our e f fo r ts . Tab le 5-7 

d i sp lays fo r the b e n c h m a r k p r o g r a m s b o t h t h e s tat ic n u m b e r of ove r f l ows that o c c u r r e d , as a 

p e r c e n t a g e of the to ta l n u m b e r of m i c ro i ns t r uc t i ons g e n e r a t e d , and t he d y n a m i c n u m b e r of ove r f l ows 

tha t w o u l d have o c c u r r e d had w e no t e l im ina ted t hem t h r o u g h our ove r f l ow reso lu t ion s c h e m e , as a 

p e r c e n t a g e of the to ta l n u m b e r of m i c ro i ns t r uc t i ons e x e c u t e d . 

T h e e v i d e n c e is s t r ong tha t ove r f l ows s imp ly a re no t a ma jo r p rob lem in the W a r p J r p roc esso r w i t h 14 

d e e p p ipe l i ned reg is ter f i les. Ove r f l ows o c c u r r e d in on ly o n e p r o g r a m (co lo rseg) , and in tha t p r o g r a m 

all t h e ove r f l ows w e r e reso lved us ing the s t ra tegy d e s c r i b e d ear l ier , w h i c h , a l t h o u g h not a genera l 

so lu t i on to the ove r f l ow p r o b l e m , de t rac t s very l i t t le f r o m the p e r f o r m a n c e of the c o m p i l e d m i c r o c o d e . 
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Stat ic Dynamic 

mande l 
mande l 
r g b n o r m 
sobe l 

b i n o p 
co lo r seg 
c o n v 
fft 
lup 

0 
1.1 
0 
0 
0 
0 
0 
0 
0 

0 
1.9 
0 
0 
0 
0 
0 
0 
0 

T a b l e 5 - 7 : Ove r f l ow o c c u r r e n c e s (in %) 

W i th th is ev i dence f r om the p ipe l ined reg is ter f i les in WarpJ r , and the m a x i m u m d e p t h s ta t is t ics s ta ted 

above , w e c a n say tha t p ipe l ined reg is ter f i les d o no t have to be ex t reme ly d e e p to p rov ide a d e q u a t e 

s u p p o r t for comp i l a t i on of h igh level l a n g u a g e p r o g r a m s to m i c r o c o d e . M o r e spec i f i ca l l y , the 14 d e e p 

p ipe l ined reg is ter f i les in the L INCs in W a r p J r p rov ide mo re t han adequa te suppo r t for bas ic b i ock at a 

t ime m i c r o c o d e gene ra t i on , wh i l e p rov id ing g rea t sav ings in s i l i con area and reg is ter con t ro l log ic . 

6. Microstore compaction 
W h e n w e speak of c o m p a c t i n g the m i c r o c o d e for the WarpJ r p rocessor , w e mean that w e w ish to 

m in im ize the n u m b e r of con t ro l pa t te rns for the L INCs in the p rocessor . Th ' s is b e c a u s e the re a re 

only 64 con t ro l pa t te rn l oca t ions on a L INC, wh i le the re a re 4K con t ro l s to re w o r d s d i rec t l y access ib le 

to the m ic rocon t ro l l e r w h i c h , in add i t i on to p rov id ing an add ress for t he L INC con t ro l pa t te rn , 

p rov ides con t ro l and s e q u e n c i n g capab i l i t y fo r the en t i re p rocessor . 

In the W a r p J r des i gn , it is i n tended for L INC con t ro l pa t te rns to be used many t imes. T h e c o n t r o l 

pa t te rn m e m o r y in L INC is d i v i ded in to two b a n k s of 32 w o r d s e a c h , w h i c h a l lows us t o con t ro l t he 

d a t a p a t h w i t h o n e bank wh i l e at t h e s a m e t ime w e c a n l oad pa t te rns in to the o ther bank . Th is imp l ies 

tha t at any par t i cu la r t ime d u r i n g e x e c u t i o n of a p r o g r a m , t he p r o g r a m s h o u l d have a w o r k i n g set of at 

mos t 32 c o n t r o l pa t te rns , so tha t w e c a n be p r e p a r i n g fo r fu tu re c o m p u t a t i o n s by l oad ing ano the r set 

of 32 con t ro l pa t te rns in to t he o ther b a n k of the c o n t r o l memory . S w i t c h i n g be tween con t ro l b a n k s 

f requen t l y is not des i rab le , b e c a u s e each sw i t ch cos ts o n e cyc le , d u r i n g w h i c h no con t ro l pa t te rn is 

a c c e s s e d . Th is m e a n s that fo r e a c h sw i t ch b e t w e e n c o n t r o l b a n k s w e lose o n e c o m p u t a t i o n cyc le in 

t h e W a r p J r ce l l , essent ia l ly wa i t i ng for L INC to sw i t ch c o n t r o l m e m o r y banks . The re fo re w e w o u l d l ike 

for any p r o g r a m loop to execu te comp le te l y f r om one c o n t r o l bank of 32 pa t te rns , to avo id hav ing to 

sw i t ch b a n k s at every i te ra t ion of t he l oop . 
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W e cons ide r LINC con t ro l pat tern c o m p a c t i o n to be a pos tpass phase of our c o d e gene ra t i on 

a lgo r i t hm, because it w o u l d bo d i f f icu l t to a t tempt bo th to min imize the n u m b e r of L INC con t ro l 

pa t te rns and gene ra te overa l l g o o d m i c r o c o d e at the same t ime. W e have the re fo re taken the 

a p p r o a c h of f irst gene ra t i ng the m i c r o c o d e , i nc lud ing the con t ro l pa t te rns , and then a t tempt ing to 

r educe the n u m b e r of con t ro l pa t te rns . In genera l , for all the samp le p r o g r a m s w e have seen , the 

con t ro l pa t te rns gene ra ted by the c o m p i l e r are sparse , mean ing that the re are many f ie lds w h i c h 

con ta in de fau l t va lues. W e cal l these don't care conditions, because it d o e s not mat ter to the user 

wha t the va lues of these con t ro l pa t te rn f ie lds are, s i nce they wil l not a f fect the resul ts of the 

c o m p u t a t i o n to be p e r f o r m e d . The spa rseness of the con t ro l pa t te rns gene ra ted is wha t wi l l a l low us 

to o f ten m e r g e mul t ip le pa t te rns into a s ing le pat te rn to be used by many m ic ro ins t ruc t i ons . W e wil l 

n o w d e s c r i b e the p r o b l e m more fo rmal ly a n d desc r i be our a lgo r i t hms a n d resu l ts . 

6 . 1 . T h e L I N C c o n t r o l p a t t e r n c o m p a c t i o n p r o b l e m 

T h e con t ro l pa t te rn c o m p a c t i o n p r o b l e m c a n be s ta ted fo rma l l y as: 

C o m p a c t i o n p r o b l e m : G iven a set of c o n t r o l pa t te rns , and a c r i te r ion for 

d e t e r m i n i n g w h e t h e r two con t ro l pa t te rns may be m e r g e d , f ind the op t ima l s e q u e n c e 

of merges to m in im ize the n u m b e r of con t ro l pa t te rns . 

The L INC con t ro l pa t te rns p rov ide da tapa th con t ro l for t he user p r o g r a m . A L INC con t ro l pa t te rn in 

W a r p J r cons is t s of th ree f ie lds for each of the e igh t d a t a p a t h s in the p rocessor . The th ree f ie lds are: 

• a c rossba r i ns t ruc t ion - to se lec t for each c rossbar ou tpu t the inpu t to be d i rec ted to that 
ou tpu t , 

• a shi f t i ns t ruc t ion - to dec i de w h e t h e r or no t to shi f t the c rossba r ou tpu t into the p ipe l ined 
reg is ter f i le for t he d a t a p a t h , 

• a p ipe l i ned reg is ter f i le ou tpu t i ns t ruc t i on - to se lec t the reg is ter in t he p ipe l ined regis ter 
f i le w h i c h is read a n d d i rec ted to the L INC ou tpu t por t . 

The c rossba r and p ipe l ined regis ter f i le ou tpu t f ie lds o f ten rece ive de fau l t va lues in the gene ra t i on of 

m i c r o c o d e ( i nc lud ing con t ro l pat terns) d u r i n g execu t i on of our list s c h e d u l i n g a lgo r i t hm. These 

de fau l t va lues may the re fo re be c h a n g e d to any arb i t rary va lue , and wi l l no t a f fect t he c o r r e c t n e s s of 

the m i c r o c o d e . If a c rossba r f ie ld is set to the de fau l t va lue , th is means tha t the va lue is ne i ther sen t 

to the p ipe l ined regis ter f i le ou tpu t no r sh i f ted in to t he reg is ter f i le. The re fo re , w e can set the f ie ld to 

any des i red va lue w i t h o u t a f fec t ing the c o m p u t a t i o n be ing p e r f o r m e d . If a p ipe l ined reg is ter f i le 

ou tpu t f ie ld is set to a de fau l t va lue, the ou tpu t da ta is never used o n c e it leaves t he L INC ou tpu t por t . 

A g a i n , w e c a n set the f ie ld va lue to wha teve r w e des i re , w i t hou t a f fec t ing the c o m p u t a t i o n be ing 

p e r f o r m e d . In con t ras t , a p ipe l ined reg is ter f i le shi f t f ie ld c a n never rece ive a de fau l t va lue, b e c a u s e 
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the dec i s i on to shi f t a reg is ter fi le must be exp l ic i t ly made for every da tapa th in every m ic ro i ns t r uc t i on 

to ensu re that the con ten t s of the reg is ter fi le remain in the co r rec t reg is ters for later reads f rom the 

reg is ter ti le. The key no t i on is that a p ipe l ined regis ter f i le shi f t a f fects m e pos i t ion of a!! va lues in the 

reg is ter fi le. There fo re , we can never c h a n g e the va lue of a p ipe l ined reg is ter file shif t f ie ld in a L INC 

con t ro l pa t te rn , b e c a u s e if w e do w e may execu te an e r r o n e o u s c o m p u t a t i o n . 

Given the requ i remen ts w e have just d i s c u s s e d , w e can state the c o n d i t i o n s under w h i c h t w o L INC 

con t ro l pa t terns , cal l t hem pat1 and pail, may be m e r g e d into one pa t te rn . T h e cond i t i ons for 

me rg i ng two pat te rns a re as fo l lows : 

• T h e p ipe l ined reg is ter fi le shi f t f ie lds of pat1 and pat2 must m a t c h exac t l y (e i ther b o t h 
shi f t or bo th not shi f t ) for each d a t a p a t h . 

• T h e c rossba r f ie lds and p ipe l ined regis ter f i le o u t p u t f ie lds of pat I and pat2 must ma tch 
for each d a t a p a t h . In th is case , a m a t c h o c c u r s if e i ther bo th pa t te rns con ta i n the s a m e 
va lue for the f ie ld , or at least o n e pa t te rn c o n t a i n s a de fau l t va lue for t he f ie ld . 

T h e new pat tern pat3 w i l l c o n t a i n : 

• For t he p ipe l ined reg is ter f i le shi f t f ie ld , pat3 wi l l ge t t he s a m e va lue for t he f ie ld that b o t h 
pat1 and pat2 c o n t a i n , for each d a t a p a t h . 

• The re are t w o cases for the va lue of the c rossba r and p ipe l ined reg is ter f i le ou tpu t f ie lds 
in pats. If pat1 and pat?, bo th con ta i n the same va lue lor a f ie ld ( i nc lud ing the de fau l t 
va lue) , pat3 gets that va lue for t he f ie ld . If one of pat1 and pat2 con ta i n the de fau l t va lue 
for the f ie ld , pat3 ge ts the non -de fau l t va lue for the f ie ld f rom the pat tern not c o n t a i n i n g 
the de fau l t va lue . 

Of c o u r s e , if w e m e r g e pat 1 and pat2 in to o n e new pat te rn pat3, any W a r p J r m i c ro i ns t r uc t i ons w h i c h 

add ress e i ther of the t w o merged pa t te rns mus t be u p d a t e d to address t he new pa t te rn . If two con t ro l 

pa t te rns sat isfy t he above cond i t i ons so that they may be m e r g e d , w e ca l l t hem compatible. F rom the 

d i scuss ion above , w e can see tha t if w e on ly merge c o m p a t i b l e L INC c o n t r o l pa t te rns , w e wi l l no t 

a f fec t t he c o m p u t a t i o n pe r f o rmed , bu t wi l l d e c r e a s e t he total n u m b e r of con t r o l pa t te rns by o n e each 

t ime w e merge t w o c o n t r o l pa t te rns . 

6 . 2 . A n a l g o r i t h m for m e r g i n g c o n t r o l p a t t e r n s 

G iven a set of con t ro l pa t te rns , w e w o u l d l ike to f ind the s e q u e n c e of merges w h i c h min im izes t h e 

to ta l n u m b e r of c o n t r o l pa t te rns and p rov ides the same func t iona l i t y as the or ig ina l set of pa t te rns . 

Un fo r tuna te l y , t he p rob lem is equ iva len t to the c l i q u e par t i t ion p r o b l e m for g raphs , w h i c h is NP-

c o m p l e t e [5 ] . Th is is easi ly seen by mode l i ng each c o n t r o l pa t te rn as a n o d e in a g r a p h , and inser t ing 

an e d g e into the g r a p h be tween e a c h pai r of con t ro l pa t te rns that are compa t i b l e . T h e n the p r o b l e m 
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of m in im iz ing the n u m b e r of con t ro l pa t te rns is equ iva len t to f ind ing the m i n i m u m n u m b e r of c l i ques 

w h i c h cover the g r a p h . S ince it is h igh ly un l ike ly that w e wi l l f ind an op t ima l a lgo r i t hm that runs in 

po l ynomia l t ime to so lve the con t ro l pa t te rn me rg i ng p r o b l e m , w e mus t f ind a g o o d heur is t ic for 

d e c i d i n g w h i c h con t ro l pa t te rns to merge . 

The a lgo r i t hm that w e have imp lemen ted is qu i te s imp le , it makes a s ing le pass t h r o u g h the array of 

con t ro l pa t te rns , and for each pat te rn p a t tempts to f ind an a l ready c o n s i d e r e d (and poss ib ly merged) 

pa t te rn q to merge w i th . In the or ig ina l array, each con t ro l pa t te rn is used by exac t ly one 

m i c r o i n s t r u c t i o n , b e c a u s e that is h o w the list s c h e d u l i n g a lgo r i t hm genera tes the m i c r o c o d e . The 

sea rch for a pa t te rn q is d o n e in reverse order , f rom pat te rn p to the f irst con t ro l pa t tern in the array. 

Th is he lps to e n s u r e tha t a pat tern gets m e r g e d mos t o f ten w i th o n e s tha t w e r e c lose to it in the 

o r ig ina l set of c o n t r o l pa t te rns . T h e a lgo r i t hm runs in t ime 0(n2), w h e r e n is t he n u m b e r of con t r o l 

pa t te rns w e star t w i th (and a lso the n u m b e r of m ic ro ins t ruc t i ons ) . Th is ensu res reasonab le r u n n i n g 

t imes for t he a lgo r i t hm on p r o g r a m s c o m p i l e d for W a r p J r , w h i c h has at most 4K m ic ro ins t ruc t i ons . 

T h e resu l ts of app ly ing th is s imp le a lgo r i t hm to the set of b e n c h m a r k p r o g r a m s d e s c r i b e d in the 

sec t i on on p ipe l ined reg is ter f i le p e r f o r m a n c e are p resen ted in Tab le 6 - 1 . 

in i t ia l # c o m p a c t e d ave rage t imes 
of pa t te rns # pa t te rns pa t te rn uced 

b i n o p 140 27 5.2 
c o l o r s e g 3 7 4 5 8 6.4 
c o n v 580 57 10.2 
fft 154 37 4.2 
lup 252 32 7.9 
m a n d e l 120 3 8 3.2 
p g e n 202 52 3.9 
r g b n o r m 426 25 17.0 
sobe l 580 31 18.7 

T a b l e 6 - 1 : L INC c o n t r o l pa t te rn c o m p a c t i o n 

T h e s ta t is t ics c lear ly s u p p o r t ou r c o n t e n t i o n tha t the c o n t r o l pa t te rns g e n e r a t e d by the list s c h e d u l i n g 

a lgo r i t hm are sparse , a l l ow ing us to m e r g e a la rge n u m b e r of ini t ial pa t te rns into many fewer pa t te rns 

tha t mus t be s to red in the L INC con t ro l pa t te rn memory . For the b e n c h m a r k p rog rams , w e we re ab le 

to c o m p a c t t h e pa t te rns gene ra ted by the l ist s c h e d u l i n g a lgo r i t hms so tha t they a lways fit in to the 64 

c o n t r o l pa t te rns (in t w o banks) p rov i ded by L INC, even t h o u g h t he b e n c h m a r k s i nc lude samp le 

p r o g r a m s of fair ly la rge s ize, gene ra t i ng severa l h u n d r e d m ic ro i ns t r uc t i ons . T h e resu l ts imply that ou r 

c o m p a c t i o n a l go r i t hm s h o u l d w o r k we l l even on m u c h larger p r o g r a m s t han t h e b e n c h m a r k s , 
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b e c a u s e the a lgo r i t hm appears to be d o i n g a g o o d j ob of m in im iz ing the n u m b e r of con t ro l pa t te rns 

n e e d e d to e x e c u t e p rog rams . 

Ano the r c o n c e r n w e have d i scussed w i th respec t to c o m p a c t i n g con t ro l pa t te rns is that no inner l oop 

s h o u l d requ i re more t h a n 32 L INC con t ro l pa t te rns , b e c a u s e of the e x p e n s e i ncu r red in s w i t c h i n g 

b e t w e e n banks d u r i n g execu t i on of a loop . T h e easiest way to look at the p e r f o r m a n c e of t he 

c o m p a c t i o n a lgo r i t hm in th is respec t is to look at the m a x i m u m n u m b e r of m e r g e d con t ro l pa t te rns 

used by any bas ic b lock in a c o m p i l e d p r o g r a m . In gene ra l , the inner l oops of a p r o g r a m pe r fo rm 

most of the c o m p u t a t i o n so they s h o u l d gene ra te the mos t m i c ro i ns t ruc t i ons , and h e n c e use mo re 

con t ro l pa t te rns t han any o ther bas ic b l ock . In any case , l ook ing at the wors t case b l ock can g ive us 

no bet ter resul ts t han on ly l ook ing at inner loops . Tab le 6-2 s h o w s t h e g rea tes t n u m b e r of c o n t r o l 

pa t te rns needed by a bas ic b l ock fo r e a c h of t he b e n c h m a r k p rog rams . 

Max . # pa t te rns 

b i n o p 19 
c o l o r s e g 42 
c o n v 45 
fft 25 
lup 27 
mande l 18 
p g e n 23 
r g b n o r m 16 
sobe l 24 

T a b l e 6 - 2 : Greates t n u m b e r of c o n t r o l pa t te rns for a bas ic b lock 

In genera l , t he resu l ts a re e n c o u r a g i n g . In ail cases e x c e p t two (co lo rseg and conv ) , the c o n t r o l 

pa t te rns for t he l onges t bas ic b l ock in e a c h p r o g r a m fit in to one b a n k of t he L INC con t ro l memory . 

T h e appa ren t l y cos t l y e x c e p t i o n s for t h e b e n c h m a r k p r o g r a m s c o l o r s e g and c o n v are real ly not as 

g rea t of a p r o b l e m as it may seem. T h e pa t te rns for all bas ic b l o c k s in co l o r seg and c o n v , e x c e p t 

t hose for t he inner l oop , do fit in to o n e bank of t he L INC con t ro l pa t te rn m e m o r y . T h e inner l oop 

c o n t r o l pa t te rns fo r bo th p r o g r a m s , w h i c h d o not fit in to o n e bank , d o fit in to bo th b a n k s easi ly. T h e 

inner l oop of co l o r seg requ i res 98 m i c r o i n s t r u c t i o n s to e x e c u t e a n d t h e inner loop of c o n v requ i res 

128, and w e can par t i t ion t h e con t ro l pa t te rns for e i ther l oop in to t w o sets so tha t w e only have to 

sw i t ch be tween b a n k s o n c e d u r i n g e x e c u t i o n of t he inner l oop . T h e r e f o r e the ove rhead for s w i t c h i n g 

banks in bo th cases is app rox ima te l y 1 % , so tha t w e real ly d o no t pay tha t m u c h of a pena l ty for no t 

f i t t ing all the con t ro l pa t te rns in to o n e bank . 
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T h e resu l ts of our c o m p a c t i o n a lgo r i t hm are qu i te g o o d , and w e d o not th ink the ef for t and 

c o m p u t a t i o n a l r esou rces requ i red to ob ta in bet ter resu l ts wi l l pay off in m u c h bet ter c o m p a c t e d sets 

of con t r o l pa t te rns . T h e only b l ocks for w h i c h we have zoen that ou r c o m p a c t i o n a lgo r i t hm fai ls to 

adequa te l y min imize the n u m b e r of con t r o l pat terns , so tha t they fit in to one bank of the LINC con t ro l 

memory , requ i re many m ic ro ins t ruc t i ons . There fo re , so long as the pa t te rns fit in to both con t ro l 

pa t te rn banks , the pena l ty pa id for hav ing to sw i t ch banks in the m idd le of a basic b lock is not all that 

great . 

7. System issues 
Whi le the W a r p J r p rocesso r is d e s i g n e d to be an e lemen t in a sys to l ic ar ray, w e have only d i scussed 

p r o b l e m s re la ted to c o m p i l i n g p r o g r a m s for a s ing le p rocesso r . W e have been ab le to use th is 

a p p r o a c h b e c a u s e the h igh- leve l s o u r c e l anguage W 2 is d e s i g n e d to a l low the p r o g r a m m e r to 

par t i t ion h is p r o b l e m o n t o the ce l ls of a sys to l i c ar ray by w r i t i ng a p r o g r a m for each cel l (or pe rhaps 

us ing the same p r o g r a m on severa l ce l ls ) . T h e l a n g u a g e a n d its c o m p i l e r s d o not a t tempt to so lve the 

d i f f i cu l t p r o b l e m of pa r t i t i on ing an arb i t rary a lgo r i t hm o n t o a para l le l m a c h i n e so le ly f r om its 

sequen t ia l desc r i p t i on in a h igh- leve l l anguage . T h e r e are, however , severa l p rob lems re la ted to 

c o m p i l i n g W 2 p r o g r a m s for a sys to l ic ar ray m a c h i n e tha t w e must add ress to be ab le to gene ra te 

w o r k i n g m i c r o c o d e T h e p rob lems i nc lude gene ra t i ng loca l ce l l da ta memory addresses ef f ic ient ly , 

gene ra t i ng cel l loop c o n t r o l , and s y n c h r o n i z i n g da ta t rans fe rs b e t w e e n ce l ls . 

The W a r p systo l ic ar ray mach ine , f r om w h i c h the W a r p J r m a c h i n e w a s de r i ved , cons is ts of ten W a r p 

p r o c e s s o r s c o n n e c t e d in a l inear array, a host m a c h i n e w h i c h p rov ides the user in te r face to the array, 

and an in te r face p rocesso r be tween the host and the p rocesso r ar ray w h i c h p rov ides da ta c a c h i n g 

and add ress gene ra t i on capab i l i t i es . The W a r p J r p r o c e s s o r w a s d e s i g n e d to in te r face c lean ly to the 

same sys tem c o n f i g u r a t i o n , and uses the same in te r face p r o c e s s o r as W a r p w i th on ly m inor ha rdware 

mod i f i ca t i ons . The W 2 c o m p i l e r for W a r p genera tes a hos t p r o g r a m , an in te r face uni t p r o g r a m and 

cel l p r o g r a m s for each p rocesso r in t h e ar ray f r om a s ing le c o m p l e t e W 2 p r o g r a m . 

W e use t he W a r p W 2 c o m p i l e r to g e n e r a t e t he p r o g r a m for the W a r p J r in te r face uni t , us ing the 

i n fo rma t i on t he W a r p J r s c h e d u l e r p r o d u c e s f r om s c h e d u l i n g t he c o d e for the WarpJ r p rocesso rs . 

T h e in te r face uni t p rov ides bo th loca l da ta m e m o r y add resses and loop con t ro l i n fo rma t ion for the 

ce l ls in t h e W a r p J r array. Loca l m e m o r y addresses are no t g e n e r a t e d by the W a r p J r p rocesso r ce l ls 

t hemse lves b e c a u s e the p rocesso rs d o no t con ta in an in teger a r i thmet ic uni t , and it is expens i ve to 

ca l cu la te add resses in f loa t ing po in t a r i thmet ic a n d c o n v e r t to in teger add resses . Add ress gene ra t i on 

by the in te r face un i t is a lso e f f ic ient fo r a l go r i t hms tha t s tep t h r o u g h la rge da ta a r rays on many ce l ls , 
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b e c a u s e o f ten an add ress can be used by more than one cel l as it passes t h r o u g h the p rocesso r 

ar ray. Th is saves ca l cu la t i ng the s a m e add ress severa l t imes, o n c e for each ce l l . L o o p con t ro l is 

d o n e by the in te r face uni t b e c a u s e it is expens i ve to ma in ta in a loop coun te r in the ce l l , and loop 

con t ro l and add ress gene ra t i on are c lose ly re la ted func t i ons . The in te r face unit d o e s have in teger 

a r i thmet i c capab i l i t y , and c a n easi ly ca l cu la te the t ime at w h i c h loop c o n t r o l is necessary f rom the 

i n fo rma t i on p rov ided by the W a r p J r c o d e genera to r . 

T h e m e c h a n i s m by w h i c h the in te r face uni t p r o g r a m is c rea ted is qu i te s imp le . The W a r p J r c o d e 

genera to r , in add i t i on to gene ra t i ng m i c r o c o d e for the W a r p J r p rocesso rs , gene ra tes t he f r a m e w o r k 

for t he in te r face uni t p r o g r a m by spec i f y ing severa l cha rac te r i s t i cs of t h e c o m p i l e d m i c r o c o d e , 

i nc l ud ing the s ize of e a c h bas ic b lock (in n u m b e r of m ic ro ins t ruc t i ons ) , t he m i c ro i ns t r uc t i ons in w h i c h 

loca l m e m o r y add resses are requ i red (and t h e var iab le n a m e assoc ia ted w i th the access ) , and the 

m i c ro i ns t r uc t i ons in w h i c h loop c o n t r o l a re r equ i r ed . T h e W a r p W 2 c o m p i l e r t h e n uses th is 

i n fo rma t i on to ass ign var iab les to d a t a m e m o r y l oca t i ons a n d p r o d u c e an in te r face uni t p r o g r a m tha t 

b o t h gene ra tes m e m o r y add resses at t h e c o r r e c t t imes ( the ones at w h i c h t h e ce l l p r o g r a m e x p e c t s 

them) and a lso gene ra tes t he systo l ic c o n t r o l c o d e s necessary to d e c i d e w h e n the ce l l p r o g r a m 

s h o u l d te rm ina te a l oop . T h e loop c o n t r o l s c h e m e c a n be s imp le b e c a u s e W 2 only a l l ows s imp le 

c o u n t i n g loops , so the comp i l e r c a n tell in a d v a n c e h o w many t imes the loop wi l l e x e c u t e . W i t h that 

i n fo rma t i on , and k n o w l e d g e of t he leng th of all bas ic b l o c k s (in m ic ro ins t ruc t i ons ) , t he W a r p W 2 

c o m p i l e r can easi ly c rea te the in te r face uni t p r o g r a m to gene ra te bo th loca l da ta m e m o r y add resses 

and cel l l oop c o n t r o l . 

T h e last ma jo r sys tem p rob lem w e mus t add ress invo lves synch ron i za t i on of da ta t rans fe rs b e t w e e n 

W a r p J r ce l ls . In the W a r p m a c h i n e , da ta q u e u e s p rov ide the bu f fe r ing capab i l i t y b e t w e e n ce l ls 

necessary to s y n c h r o n i z e da ta t rans fe rs . T h e q u e u e s p rov ide an o rde r i ng re la t ionsh ip b e t w e e n the 

da ta s e n d s f r om one ce l l a n d the rece ives in t he c o r r e s p o n d i n g ce l l . In o the r w o r d s , the rece iver 

a c q u i r e s da ta in t h e s a m e o rder tha t t he sender t rans fe rs the da ta [4 ] . In WarpJ r , t he FIFOs in L INC 

p rov ide p rope r t i es s imi lar to the q u e u e s in Warp . T h e FIFOs are wr i t ten u n d e r con t ro l of the s e n d i n g 

p rocesso r , a n d read u n d e r con t ro l of t he rece iv ing p rocesso r , w h i c h t hen rou tes t he da ta t h r o u g h t h e 

L INC c rossba r to the des i red da tapa th a n d its c o r r e s p o n d i n g p ipe l ined reg is te r f i le. 

Un fo r tuna te l y , t he W a r p J r p rocesso r d o e s no t p rov ide m i c r o c o d e c o n t r o l for t he th ree FIFOs n e e d e d 

to imp lemen t the W a r p a r ch i t ec tu re (X, Y, a n d a d d r e s s / s y s t o l i c con t ro l ) , bu t on ly for one FIFO. In 

add i t i on , t he no rma l c o m p o s i t i o n of t h e L INCs in W a r p J r c o n f i g u r e s all t he inpu t bu f fe rs as f i xed 

l eng th p r o g r a m m a b l e de lays . P r o g r a m m a b l e de lays f o r c e t he re la t ionsh ip b e t w e e n a d a t a s e n d a n d 

t h e c o r r e s p o n d i n g rece ive t o be per fec t l y t i m e d , in tha t t he rece iv ing ce l l must k n o w t h e exac t t ime 
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the d a t a wi l l ar r ive. Per fec t t im ing is necessary so tha t t he da ta can be rou ted co r rec t l y t h r o u g h the 

c rossba r w h e n it leaves the p r o g r a m m a b l e de lay a f ixed n u m b e r of cyc les after it arr ives. 

P r o g r a m m a b l e de lays are not a v iab le so lu t i on to the p r o b l e m of t rans fe r r i ng da ta be tween cel ls , 

b e c a u s e they rest r ic t the c o d e gene ra t i on p rob lem so m u c h that it b e c o m e s vir tual ly imposs ib le to 

c o m p i l e e f f ic ient , c o r r e c t c o d e for mu l t ip le ce l ls [4 ] . W i th p r o g r a m m a b l e de lays , every da ta rece ive 

mus t be exac t l y s y n c h r o n i z e d w i th the c o r r e s p o n d i n g send , a l l ow ing the c o d e genera to r l i t t le 

f lexib i l i ty in s c h e d u l i n g ope ra t i ons ef f ic ient ly . FIFOs are a m u c h more des i rab le bu f fe r ing m e c h a n i s m , 

b e c a u s e of their f lex ib le r e a d / w r i t e capab i l i t i es . The reason for the d i f f e rences in bu f fe r ing capab i l i t y 

be tween the W a r p and WarpJ r p rocesso rs is that the re w e r e des ign c h a n g e s in W a r p , after the 

W a r p J r des ign was c o m p l e t e , that we re no t ca r r ied over to WarpJ r . 

Ano the r ma jo r p rob lem w i th imp lemen t i ng the W a r p a r ch i t ec tu re on the W a r p J r mach ine is that each 

L INC only p rov ides t w o FIFOs, ins tead of t he th ree requ i red . Cur ren t l y , each L INC in W a r p J r is 

p r o g r a m m e d w i th exac t l y the s a m e con t ro l pa t te rns , w i t h each of the four L INCs in a p rocesso r 

c o n t a i n i n g four bi ts of each s ix teen bi t d a t a p a t h . T h e a p p r o a c h is s imp le , but no t power fu l e n o u g h to 

imp lemen t the des i red a r ch i t ec tu re w i th t h ree FIFOs. To success fu l l y imp lemen t the a r ch i t ec tu re w i th 

FIFOs, t he da tapa ths must be phys ica l ly d i s t r i bu ted ac ross L INCs, w i th the th ree FIFOs rea l ized by 

p r o g r a m m i n g the d - c o d e reg is ters on each L INC d i f fe rent ly and a lso su i tab ly p r o g r a m m i n g the 

con t ro l pa t te rns in each L INC to c o n f o r m to the da tapa th d i s t r i bu t i on . None of these d i f f i cu l t ies w o u l d 

be appa ren t to the W 2 p r o g r a m m e r , but w o u l d comp l i ca te the task of the assembler w h i c h gene ra tes 

the ac tua l m i c r o c o d e to be run in ihe p rocesso rs . 

The re is ano the r m ino r c h a n g e to W a r p J r that w o u l d he lp the comp i l e r to gene ra te e f f ic ient 

m i c r o c o d e . In the p resen t des ign , t he only me thod for imp lemen t i ng b l o c k i n g da ta t rans fe rs be tween 

ce i ls , us ing the L INC FIFOs, is for the p r o g r a m m e r to c h e c k the FIFO ful l and FIFO empty s ta tus 

s igna ls L INC p rov ides and b lock acco rd i ng l y . A h a r d w a r e so lu t i on to the p rob lem w o u l d be to 

au tomat i ca l l y b lock a p rocesso r tha t t r ies to send to a ful l FIFO (or rece ive f r om an emp ty FIFO), unt i l 

the FIFO is no t ful l (or no t empty ) . Th is h a r d w a r e c h a n g e w o u l d s ign i f i can t ly s impl i fy the p r o b l e m of 

p r o g r a m m i n g the W a r p J r mach ine , bo th for h u m a n s and for t he comp i l e r , s i nce t he p r o g r a m w o u l d 

no t have to exp l ic i t l y c h e c k for t he re lat ively i n f requen t o c c u r r e n c e s of FIFO er ro r cond i t i ons . T h e 

p r in ted c i r cu i t b o a r d ve rs ion of the W a r p m a c h i n e wi l l p rov ide th is h a r d w a r e capab i l i t y . 
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8. Conclusion 
Overa l l , w e have es tab l i shed that p ipe l i ned reg is ter f i les supp l y g o o d suppo r t for bas ic b lock at a t ime 

c o d e gene ra t i on for the W a r p J r p rocesso r . In add i t i on , w e can state that g loba l op t im iza t ion du r i ng 

m i c r o c o d e gene ra t i on w o u l d be d i f f i cu l t in any p rocesso r con ta i n i ng p ipe l ined regis ter f i les, b e c a u s e 

of t he lack of exp l ic i t c o n t r o l over reg is ter a l l oca t i on . W e c a n n o t p e r f o r m g loba l reg is ter a l l oca t i on , 

w h i c h p rov ides p e r f o r m a n c e e n h a n c e m e n t s in many comp i l e r s , bu t w e have s h o w n that w e c a n 

gene ra te e f f ic ient c o d e us ing only loca l p ipe l ined reg is ter f i le a l l oca t ion and a r a n d o m access da ta 

m e m o r y for more exp l i c i t memory a l l oca t i on . P ipe l ined reg is ter f i les exh ib i t many cha rac te r i s t i cs tha t 

m a k e t h e m easy for a c o m p i l e r t o m a n a g e , bu t a lso d i sp lay fea tures tha t c a u s e grea t p r o b l e m s in 

c o m p i l i n g e f f ic ient c o d e . 

W e have s h o w n tha t p ipe l ined reg is te r f i les a re an a t t rac t ive imp lemen ta t i on of l oca l s to rage . 

P ipe l ined reg is ter f i les c rea te many cons t ra i n t s tha t t he W a r p J r c o d e gene ra to r mus t en fo r ce , bu t w e 

have s u c c e e d e d in f i nd ing reasonab ly s imp le heur is t i cs to so lve the p r o b l e m s p ipe l ined reg is ter f i les 

c rea te . W e have ef fect ive ly m in im ized the n u m b e r of o p e r a n d s tha t mus t b e wr i t ten in to p ipe l i ned 

reg is ter f i les, w h i c h great ly e n h a n c e s the i r p e r f o r m a n c e . Th is has been a c c o m p l i s h e d b o t h by us ing 

t h e bypass m o d e of t he L INC p ipe l ined reg is ter f i les and by us ing a g o o d heur is t ic to ass ign o p e r a n d s 

to regis ter f i les. Ou r a lgo r i t hms gene ra te c o d e w i th a lmos t no ove r f l ow co r rec t i ons , so tha t t he 

p ipe l ined reg is ter f i les are not los ing la rge a m o u n t s of l ive da ta . A lso , ou r L INC con t ro l pa t te rn 

c o m p a c t i o n a lgo r i t hm d o e s a g o o d j o b of m in im iz ing t h e n u m b e r of c o n t r o l pa t te rns tha t mus t b e 

s to red in the W a r p J r p rocesso r L INCs, t h u s t he smal l s ize of t he L INC c o n t r o l m e m o r y is not a ma jo r 

d i f f i cu l ty in c o m p i l i n g p r o g r a m s . W e can the re fo re s tate that wh i le many of t he abs t rac t p r o b l e m s tha t 

ar ise in gene ra t i ng g o o d c o d e for t he W a r p J r p rocesso r a re d i f f icu l t , ou r heur is t i c so lu t i ons have 

p r o v e d to be power fu l e n o u g h to g e n e r a t e e f f i c ien t m i c r o c o d e . 
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